Producing marketable construction products using industrial solid-waste materials generated from energy-related processes by Chen, Lu-Ming
  
 
 
 
PRODUCING MARKETABLE CONSTRUCTION PRODUCTS 
USING INDUSTRIAL SOLID-WASTE MATERIALS GENERATED 
FROM ENERGY-RELATED PROCESSES 
 
 
 
 
BY 
 
LU-MING CHEN 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Natural Resources and Environmental Sciences 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2012 
 
 
 
 
Urbana, Illinois 
 
 
Doctoral Committee: 
 
Professor Mei-In M. Chou, Chair 
Professor Jeffrey O. Dawson 
Professor Richard A. Larson 
Professor Joseph W. Stucki 
 
ii 
 
ABSTRACT 
The demand for energy has been increasing, and petroleum and coal will remain the two 
major energy sources around the globe. In addition, alternative sources for crude-oil-based liquid 
fuels, such as biofuels, are also gaining significant visibility. However, during these energy 
generation processes, solid wastes are produced. Only a small percentage of these by-products 
are reused; the majority of these materials have been disposed of in landfills, which is posing 
potential environmental risks and economic burdens. Developing value-added applications to 
reduce/reuse these wastes would not only help to relieve or reduce the potential environmental 
risks and the economic burdens, but also help in developing worldwide sustainability. 
The goal of this thesis research was to study solid wastes generated from four energy-
related processes as sustainable materials for making fired bricks and a possible simple tool for 
screening new solid waste materials for testing fired bricks. The solid wastes included in this 
study were bottom ash from conventional coal combustion, slag from integrated gasification 
combined cycle processes, spent equilibrium catalyst from fluid catalytic cracking processes, and 
saturated filter cake from biodiesel filtration processes. The fired bricks produced were either 
mold-pressed in the laboratory or extruded at a commercial facility. The successfully formulated 
bricks showed engineering properties close to or better than regular fired bricks produced with 
clay and shale, but with no solid waste addition. Based on American Society for Testing and 
Materials (ASTM) specification for commercial building brick, the fired bricks produced with 
these solid wastes blended with clay and shale had marketable quality. The results of this study 
also provides the brick industry with readily available new raw materials for brick-making and 
the energy-processing industry with possible cost-saving advantages by reducing or eliminating 
their solid waste disposal and saving valuable land required for solid waste disposal. 
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CHAPTER 1. GOAL, OBJECTIVES, AND BACKGROUND 
INFORMATION 
The demand for energy has been increasing as economic growth rises [1–4]. Several 
important energy outlook reports indicated that petroleum and coal will continue to be the two 
major energy resources in the world [1–7]. Alternative energy resources, such as biofuels, are 
also gaining significant visibility [3–5, 7, 8]. However, these energy generation processes also 
generate waste materials [9–25]. Only a small percentage is being reused; the majority of these 
waste materials have been disposed of in landfills. This poses potential environmental risks and 
economic burdens to not only to the producers but also to the public. The development of value-
added applications to reduce/reuse these waste materials is important not only to producers and 
the public, but also is important from the standpoint of developing worldwide sustainability. 
The ISGS/UIUC research and development program described in this dissertation aimed 
at using mainly coal combustion by-products, including Class F fly ash, bottom ash, and flue 
gas desulfurization (FGD) gypsum, for fired brick making was started in 2000 [26–35]. Since 
then, the use of Class F fly ash in bricks progressed was completed from lab testing to 
successful commercial scale production demonstrations. The final products exceeded the 
required commercial specification [26–35]. 
The goal of this thesis research was to study solid-waste materials generated from four 
energy-related processes as sustainable materials for making fired brick and to develop a quick 
and simple tool for screening/selecting new solid-waste materials or in preparing an adequate 
feed mixture for fired-bricks testing. The specific objectives were to test fired brick made from 
three different waste materials: slag materials from integrated gasification combined cycle 
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(IGCC) processes, spent equilibrium catalyst from fluid catalytic cracking processes, and 
saturated filter cake from biodiesel filtration processes. Fired bricks containing bottom ash 
previously made from a scale-up production demonstration were also evaluated in this study. 
Also, the engineering properties of the fired bricks made using either laboratory mold-pressing 
or commercial extrusion were compared. Also, based on previous [32, 34, 35] and current 
studies at ISGS/NRES, the metal- oxide composition data of regular bricks, solid-waste 
materials, and fired bricks which incorporated these solid-waste materials blended with clay and 
shale were compiled and examined. A simple tool for selecting a new waste material or for 
preparing a feed mixture for making fired test bricks was established. The background 
information on each energy-related process and its associated wastes is described as follows. 
1.1 Coal Combustion By-product – Bottom Ash 
Coal is the cheapest and most widely distributed resource available for energy in the U.S. 
and worldwide. The U.S. has considerable coal reserves in several regions, part of which 
contains more energy than the oil reserves of Saudi Arabia and Kuwait combined [36]. As 
mentioned, coal will be continuously used for electricity generation for decades to come. 
In a conventional coal-fired power plant, pulverized coal is burned in a boiler at high 
temperature and the heat generated converts water to steam for electricity generation. Figure 1.1 
shows a flow diagram of a conventional pulverized coal (PC) boiler equipped with a flue gas 
desulfurization unit. During combustion, in addition to heat generation, the non-combustible 
mineral matter in the coal produces ash particles, containing mainly metal oxides. The heavier 
ash particles, deposited at the bottom of the boiler, are collected as bottom ash. The lighter ash 
particles are suspended in the flue gas and collected/removed as fly ash by a device, such as 
electrostatic precipitator, before releasing the flue gas into atmosphere. If a combustion system is 
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equipped with a flue-gas-desulfurization (FGD) unit for burning high-sulfur coal, another type of 
by-product, known as FGD residue, is also produced. Lime (CaO) or limestone (CaCO3) is used 
in a FGD unit to retain sulfur gases and leave a cleaner flue gas in the stack to emit to the 
atmosphere. The main components of the solid sulfur-containing residues are calcium sulfite, or 
calcium sulfate if a forced oxidation is used in the FGD unit. 
 
Figure 1.1 Flow diagram of conventional coal combustion process equipped with 
a boiler, an electrostatic precipitator and a flue gas desulphurization 
(FGD) unit. Various combustion by-products were produced and 
collected. 
Among these coal combustion by-products, fly ash is the most abundant. For example, it 
accounts for 56 percent of the total coal combustion by-products production in 2007, of which 
about 44 percent was beneficially reused. Bottom ash accounts for about 14 percent, of which 
about 45 percent was beneficially reused [37]. The remaining amounts of both fly ash and bottom 
ash were disposed of in landfill. 
The use of fly ash has been mainly for the production of concrete, concrete products, and 
grout. Many asphaltic concrete pavements also contain fly ash. Geotechnical applications include 
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soil stabilization, road base, structural fill, embankments, and mine reclamation, whereas bottom 
ash, due to its physical characteristics, was mainly used as replacements for aggregate in 
structural fills, embankments, and road-base construction and in concrete masonry products [37-
45]. 
The amount of coal combustion by-products being generated has increased dramatically 
around the world during the past few decades as the number of coal-fired power plants increased 
and as pollution regulations forced plants to reduce their emissions. Therefore, the use of coal 
combustion by-products, such as fly ash and bottom ash, has been the subject of continuous 
studies by many researchers [42–45]. 
The ISGS/UIUC research and development program for making fired bricks using coal 
combustion waste materials, especially Class F fly ash, has been expanded from lab testing to 
successful commercial scale production demonstrations. As mentioned, the final products 
exceeded the required commercial specification [26–35]. A scale-up production demonstration 
was also conducted in making fired bricks containing bottom ash. In this thesis research, the 
fired bricks thus produced containing bottom ash were evaluated for their physical and 
engineering properties according to ASTM specification [46]. Also, possible environmental 
concern and potential economic benefits of using these fired bricks were examined. 
1.2 Integrated Gasification Combined Cycle (IGCC) Technology and By-product – Slag 
According to the U.S. Department of Energy and the Gasification Technologies Council, 
many IGCC plants will be built in the United States and the world to address environmental 
concerns, especially the global warming issue [47–50]. For example, the integrated gasification 
combined cycle (IGCC) technology is a promising advanced clean-coal combustion technology 
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[12–15, 51–64]. As indicated in Figure 1.2 [60], the process converts coal from a solid phase to a 
gas phase (syngas, a mixture of carbon monoxide and hydrogen). After purification by removing 
mercury and sulfur impurities, the syngas is burned, similar to natural gas or diesel fuel, to 
produce electricity or it is used for producing various chemicals [50–64]. Hydrogen produced 
from this process can also potentially be used as a transport fuel in fuel cells [12–15]. 
The IGCC process equipped with an oxygen-blown system can produce not only limited 
NOx emission [52–57], but also concentrated carbon dioxide (CO2) for easier 
capture/sequestration [50–59]. The conventional coal-fired power plants, on the other hand, 
equipped with steam boilers burning coal under air, produce flue gases containing about 13–15 
percent of CO2 [65] for capture/sequestration which would be much more costly. 
 
Figure 1.2 Integrated Gasification Combined Cycle process (HRSG = heat 
recovery steam generator) [60]. 
Also, IGCC plants have fuel flexibility, particularly the ability to use high-volumes of 
high-sulfur coal, such as Illinois coals [50, 60, 61]. As indicated in Figure 1.2, IGCC plants 
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produce two main by-products, bottom slag and sulfur. Currently, the sulfur by-product can be 
easily processed into commercially viable products. However, high value-added applications for 
the slag by-product still need to be discovered [12, 15, 66]. For the two IGCC plants in the 
United States, the slag generated from one plant has some limited low-value application, but the 
slag from the other plant is totally disposed of in landfill. These by-products need to be 
converted from landfill waste into new value-added products [15, 67]. 
The technical feasibility of making fired bricks using the IGCC slag materials of the two 
USA plants was assessed in this study: One of the plants currently uses petroleum coke as its 
fuel, and the other uses a 50/50 mixture of Illinois Basin coal and petroleum coke as fuel. 
1.3 Fluid Catalytic Cracking and Spent Equilibrium Catalyst By-product 
Fluid catalytic cracking (FCC) processes using a zeolite-based equilibrium catalyst 
converts low-value heavy hydrocarbons into high-value and high-yield petroleum products such 
as light distillates and liquefied petroleum gases [18–21, 68–72]. 
The consumption of FCC equilibrium catalyst (E-CAT) has grown as the demand for 
petroleum products rose. About 350,000 metric tons of e-cat was used worldwide in 1991, 
including 180,000 tons in the U.S., and about 60,000 tons in Western Europe [73]. Currently, 
approximately 500,000 metric tons of e-cat is used annually worldwide [17]. As a result, about 
360,000 metric tons of spent e-cat is generated each year and the majority of the spent e-cat is 
disposed of in landfills, except for a small percentage reused in the related refinery industries 
[17, 18]. Besides the potential environmental risks from spent e-cat disposal, the costs for land, 
shipping and disposal of these wastes create extra expense for the refinery industries, and for 
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petroleum consumers. Thus, it is critical to develop methods to recycle or make value-added 
products from spent e-cat material. 
Recycling or utilizing spent e-cat has been studied by many researchers, but mainly in 
relation to metal reclamation [18–21, 74] or use as additives in concrete and cement. Studies of 
concrete and cement applications showed that spent e-cat could improve concrete strength, the 
rate of hardening [75–84], and the rate of hydration [75, 82, 83]. Some studies of using spent e-
cat in clay products have been carried out [85, 86], but no reports on commercial-scale 
production/evaluation of the making of fired bricks containing spent e-cat in the United States 
were found. In Europe, production of fired red bricks containing spent e-cat has been reported, 
including the full environmental acceptability of the final products, but, the bricks contained only 
5 wt-% of spent e-cat material [73]. 
In 1997, the ISGS/UIUC research and development program received small quantities of 
spent e-cat from two different sources for characterization and found that spent e-cat was 
chemically similar to clay and shale – the two conventional raw materials for making fired 
bricks, composed mainly of silica and alumina [86, 87]. The mold-pressing method was used to 
make full-size test bricks with various amounts of e-cat additives, and fired bricks containing up 
to 30 wt-% of spent e-cat were successfully produced [87]. The tests were, therefore, expanded to 
include two scaled-up production demonstrations using the commercial extrusion and firing 
facilities at a local brick plant. The scale up tests produced batches of 2,000 bricks containing 
two different amounts of spent e-cat [88]. 
In this study, additional engineering properties of the mold-pressed fired bricks, including 
compressive strength, freeze- and thaw-resistance, apparent porosity, bulk density, and thermal 
insulation capability, were examined. Also, a new batch of mold-pressed bricks was made by 
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using a split of the same feed material that was used for the commercial-scale production 
demonstration. The engineering properties of the fired bricks produced from mold-pressing and 
from scale-up extrusion production were analyzed and compared. In addition, the potential 
environmental impact and potential economic benefits of using the fired bricks produced with 
spent e-cat were assessed. 
1.4 Biodiesel Processing and Saturated Filter Cake By-product 
Biodiesel fuel is an important alternative to standard petrochemical diesel fuel. It is one of 
the renewable, biodegradable, and energy efficient fuels [89–94], and it can be blended up to 20 
percent with petrochemical diesel fuel and used in most diesel equipment with no or very limited 
modifications [92]. Currently, in the United States, there are 152 biodiesel plants producing a 
total of 2,412 million gallons of biodiesel fuel per year [95]. There are nine new plants under 
construction and 3 expansion units with an additional capacity of 283 million gallons [95]. 
Biodiesel is produced by transesterification of triacylglycerides from vegetable oils, animal fats, 
or recycled cooking oils [89, 90, 96–98]. The process is carried out using excess alcohol in the 
presence of an alkaline catalyst. As indicated in Equation 1.1, the process converts triglycerides 
into fatty acid esters (crude biodiesel) and glycerol (by-product) [98]. After removal of glycerol 
using layer separation and then removal of the remaining alcohol by evaporation, the resulting 
crude biodiesel is subjected to an absorption/filtration process in which a filter aid is used. 
 (1.1)
 
Equation 1.1 Transesterification of glyceride [98]. 
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Figure 1.3 shows the purification processes using two commonly used filter aids – clay 
and diatomite [25]. When mixed with crude biodiesel in a mixing tank, the filter aid absorbs the 
last traces of alcohol, free glycerin, mono and di-glycerides, metal contaminants, free fatty acids 
and soap [89, 90, 97–101]. After filtration, the saturated filter cake is removed and disposed of in 
landfills. 
 
Figure 1.3 Purification using clay material (on the left) or diatomite filter aid (on 
the right) [25]. 
Saturated filter cake is the primary waste material generated at biodiesel fuel processing 
plants [22–25, 90, 97, 98, 101, 102]. A plant with a production capacity of 100 million gallons of 
biodiesel per year would generate about 0.20 to 0.25 million tons (at 57 lb/ft3) of saturated filter 
cake – solid-waste material [23]. These waste materials are currently disposed of in landfills [103, 
104]. Some researchers studied potential application of saturated filter cake waste material as 
animal feed supplements, fertilizer, or compost [22–25]. In this study, saturated filter cake wastes 
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from two Illinois biodiesel processing plants (Bio-P1 and Bio-P2) were analyzed and tested for 
making fired brick.  
1.5 Fired Brick Manufacturing 
Clay and shale are the two main ingredients of regular fired bricks. The regular fired-
brick manufacturing process (Figure 1.4) consists of six general steps [105–107]: 
1) Storage of raw materials (some include mining of clay and shale raw materials),  
2) Preparation of raw materials, 
3) Forming of unfired-brick units, 
4) Drying of the unfired-brick units, 
5) Firing and cooling, and 
6) Removing and storing finished brick products. 
At a fully automatic brick plant, as shown in Figure 1.4 [107], an automatic setter picks 
up the unfired-brick units and places them on kiln cars. These cars enter a continuous tunnel 
drier and kiln, emerging several days later as finished products. The bricks emerging from the 
kilns are automatically set on pallets and moved to storage by a front-end loader. 
 
Figure 1.4 Fired bricks manufacturing process [107]. 
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Among these steps, forming and firing are the two critical steps. Although the process of 
forming, extruding, drying, and firing bricks is an ancient technology that seems simple, our 
understanding of the reactions that occur during the firing of bricks is still far from complete. 
Basically, this firing is controlled by the ratio of relatively refractory (high melting-point) 
minerals that maintain the shape of a ceramic body to the amount of easily melted minerals that 
fuse and produce a hard brick. New material for brick production must extrude (or compact) well 
to form firm, acceptable and consistent unfired-brick units (good green strength) during drying 
and the fired products must comply with commercial specification. 
More than 95 percent of the brick plants in the United States form green bricks by using 
an online extrusion method; others use the mold-pressing method [107]. In this study, four types 
of solid-waste materials (bottom ash, IGCC slag, spent equilibrium catalyst, and biodiesel filter 
cake) as described above (see p.2 to p.10) were tested for brick making by mold-pressing method 
at the ISGS Brick Laboratory or by extrusion at participating brick plants. Because each existing 
brick plant has its own regular brick distribution market, the final fired products containing waste 
material do not face competition in the market if they are similar or better in quality with respect 
to their regular bricks. Therefore, the quality of the final products containing waste materials was 
evaluated using the ASTM C62 building brick specification [46] and the results were compared 
with that of the regular bricks containing no waste material. 
According to Chou et al. [32], the preferred raw materials for making regular fired bricks 
in Illinois and adjacent states are underclays and roof shales associated with coal. The ratios of 
the various components of the clay and shale formations vary somewhat from deposit to deposit, 
but certain basic similarities exist. The shales and clays contain low melting-point minerals (such 
as chlorite, feldspars, and iron-rich illite) and high melting-point minerals (such as kaolinite and 
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aluminum-rich illite and other mineral fillers) that support the body of the brick during firing. 
Firing at lower temperature, usually between 572 °F (300 °C) and 1472 °F (800 °C) [107], 
allows destruction of organic components in the feed materials. Mineral transformations would 
occur during firing at higher temperature. For example, alpha quartz transforms to beta quartz 
when heated between 1063 °F (573 °C) and 1593 °F (867 °C) [105]. Some relationships between 
the firing program/maximum temperatures and properties of the final clay-brick have been 
studied using various types of bricks [108–115]. In this study, a batch of 2,800 green bricks 
containing 20 wt-% of Class F fly ash, which were produced from a previous project at an 
Illinois brick plant (BP-2) using an extrusion method [116], was used to study the effect of 
maximum firing temperature on properties of the fired bricks. These green bricks were fired 
using the ISGS laboratory kiln at different maximum firing temperatures. 
(For more background information, please see Appendix A. Literature Review.) 
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CHAPTER 2. METHODOLOGY AND EQUIPMENT 
EMPLOYED 
This chapter briefly describes methods and equipment used for material processing, 
material characterization, green brick formation and firing at the ISGS and at participating brick 
plants, and fired brick evaluation using ASTM specification for commercial building bricks. In 
addition, acidic water extraction studies for environmental assessment of the final fired bricks 
and economic analysis for manufacture of fired bricks containing bottom ash and for fired bricks 
containing spent equilibrium catalyst were described. 
2.1 Material Processing 
Feed materials for regular fired-brick production at Illinois brick plants are processed by 
crushing, grinding/mixing, and screening through an 8-mesh sieve. The Brick Laboratory at the 
ISGS is equipped with a crusher (Denver Equipment Company), a plate grinding mill (Straub, 
model 4E), a rod tumbling mill (Hazen-Quinn Process Equipment Company), and various 
standard sieves, including 8-mesh (2,360 m openings), 60-mesh (250 m openings), and 100-
mesh (150 m openings) sieves from Fisher Scientific Company, USA. 
For making test bricks, the dry waste material, if necessary, was first crushed into smaller 
pieces and then fed into the plate mill for grinding. The plate-mill grinding process was repeated 
on the oversized material from the 8-mesh sieve until all the material passed through 8-mesh 
sieve. A split of the final processed material was taken and used for raw material 
characterization. Size fractionation analysis was conducted both on the as-received samples and 
the processed samples. For the acidic water extraction studies, further grinding was necessary to 
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produce particles that were fine enough to pass through the 100-mesh sieve. In this case, rod mill 
tumbling was applied for a one-hour duration. 
In addition, because the as-received biodiesel waste was principally composed of 
impurities filtered from biodiesel, it has potential as a fuel source. Thus, the heating values of 
this type of raw material were determined by using a Parr Model 1281 Automatic Bomb 
Calorimeter at the ISGS Applied Research Laboratory. 
2.2 Material Characterizations 
Raw material characterizations included, but were not limited to, the heating value, the 
particle shape and size distribution, thermo-evolution properties, and chemical compositions. 
The analyses were conducted at the ISGS analytical laboratories, the other laboratories of UIUC 
and the Ferris State University at Big Rapids, Michigan (FSU), and a commercial laboratory, 
ALS Chemex. 
2.2.1 Particle Size Distribution 
Since the waste materials (bottom ash, IGCC slag, and spent e-cat) received for this study 
were either coarse or gritty, their particle size distributions could not be accurately measured 
using a laser diffraction particle size analyzer so, instead, a sieving analysis was used. In the 
sieving analysis, a stack of sieves arranged in a descending order, such as 8 mesh, 60 mesh, to 
100 mesh, was secured onto a W.S. Tyler Ro-Tap test sieve shaker and a sample of 1,000 grams 
was loaded on the top sieve. The shaker provided shaking/rotating/tapping motion for an 
adequate duration, usually completed in one hour, and the mass of sample retained on each sieve 
was weighed and the data were recorded and graphed. 
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2.2.2 Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) was conducted to monitor the mass changes in a 
sample as the sample was heated under a temperature program and in a specific atmosphere. The 
rate of weight loss – derivative from the weight loss (DTG) – curve of a sample of the waste 
material was also obtained to compare with that of the clay and shale with which the waste 
material was to be mixed to make bricks. 
TGA analysis was conducted at the Materials Research Laboratory (MRL) of the UIUC, 
and at National Elastomer Center – Rubber Programs Plastics and Rubber Engineering 
Technology Department of FSU. The former is equipped with TA Instruments Model Q600 SDT 
thermogravimetric analyzer for simultaneous differential scanning 
calorimetry/thermogravimetric analysis. A sample consisting of particles of less than 100 mesh 
(150 m) was heated from room temperature to 1050 C (1922 F) at a rate of 30 C/min under a 
nitrogen atmosphere. The latter is equipped with TA Instruments Q50 Model thermogravimetric 
analyzer for weight loss monitoring only. A sample with particles of less than 100 mesh (150 
m) was heated from room temperature to 900 C (1652 F) at a rate of 30 C/min under air. 
2.2.3 X-ray Diffraction 
X-ray diffraction (XRD) analysis was conducted to determine the mineralogical 
properties of a raw material. X-ray diffraction analysis was carried out at the ISGS XRD Lab 
with a Scintag Model XDS 2000 x-ray diffractometer, and at MRL of UIUC with Rigaku Model 
D-MAX XRD diffractometer. Sample for XRD analysis was prepared by mixing it with 
deionized water in a small McCrone micronizing mill and micronized for 10 minutes. The solid 
(micronized particles) in the mixture was separated from the liquid by centrifugation and the last 
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trace of water was removed by drying the sample overnight under room air. Each dried sample 
was mixed well by using a mortar and pestle before the sample was packed onto an end-load 
sample holder. The analysis was conducted under CuKα radiation at 40kV and 30 mA with a 
continuous scan mode of 2θ from 2° to 60° with a 0.05° step size at 2°/min. 
2.2.4 Scanning Electron Microscopy and Energy Dispersive Spectroscopy Analyses 
A scanning electronic microscopy (SEM) at the Beckman Institute of UIUC was used for 
particle image analysis, which provided morphology and microstructures information of a 
sample. The Institute is equipped with a Denton (Moorestown, NJ) Desk-II turbo sputter coater 
for sample preparation, an ESEM (environmental scanning electron microscopy), XL30 ESEM-
FEG from Philips/FEI Company (Hillsboro, OR) with a field-emission electron gun for SEM 
analysis, and an EDS unit (EDX) from EDAX International (Mahwah, NJ) for elemental 
composition information of specific spots on particles of interest. 
The SEM sample was first coated with 7 nm of gold-palladium alloy and then imaged in 
high-vacuum mode at an accelerating voltage of 5 kV and a spot size of 2.1 nm. EDS was 
performed at beam voltage of either 15 or 20 kV. At 15 kV, spot size was about 3.0 nm; at 20 
kV, spot size was 2.6 nm. 
2.2.5 Chemical Analyses 
Metal oxide composition, and major, minor, and trace elements (including mercury) were 
determined at a commercial laboratory, ALS Chemex. Carbon content was determined as loss-
on-ignition (LOI). At ALS Chemex, the sample was fused with lithium borate at a temperature 
between 1050–1100 °C and the melt was analyzed by X-ray fluorescence (XRF) spectrometry 
(PANalytical Axios) to determine the metal oxide composition. An inductively coupled plasma-
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atomic emission spectrometer (ICP-AES) or inductively coupled plasma-mass spectrometer 
(ICP-MS) was used to determine elements including boron. Mercury contents were verified by 
using a cold vapor atomic absorption spectrometer (CVAAS). Loss on ignition was determined 
by the loss in weight after heating to 1000 °C for 1 hour. 
2.3 Green Brick Formation 
2.3.1 Mold Pressing 
Various formulations containing each of the characterized waste materials characterized 
were designed for green brick formation. Small batches of full-size (8.25"×4.00"×2.50") green 
bricks were made by a proprietary mold-pressing method developed at the ISGS. The mold-
pressed green bricks were dried under room air for about seven days before firing. 
2.3.2 Extrusion 
The scale-up production demonstration was conducted by using the extrusion line at the 
commercial facility of a local brick plant BP-1. The existing in-plant extrusion parameters were 
used and standardized to form green bricks containing waste material. Extrusion of green bricks 
was accomplished in a continuous manner from crushing/grinding of the raw materials, mixing 
and screening the material through an 8-mesh screen, to further mixing in a pug mill where an 
addition of water and other additives occurred. The homogeneous mass in the pug mill was 
pushed into a vacuum chamber where the mass was compressed by applying vacuum to remove 
air bubbles. The compressed mass was then pushed through a die. A conveyer belt carried the 
extrusion ribbon out of the die to a cutter where individual green brick with a dimension of 
8.25"×3.88"×2.38" were cut, separated, and loaded on a kiln car (750 bricks per car). The fully 
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loaded kiln car was moved into a drying room where the bricks were dried for seven days at 
250 °F (121 °C) to 350 °F (177 °C) before entering the kiln for firing. 
2.4 Firing 
2.4.1 ISGS Firing 
(a) ISGS Cored-brick Firing 
The ISGS Brick Laboratory is equipped with a front-load kiln (L&L Kilns, model GS 
1714, Swedesboro, NJ) that in which up to ten bricks per batch can be fired. The temperature 
program for firing full-size cored bricks was divided into six segments. The heating rate, final 
temperature, and holding time for each temperature step are listed in Table 2.1. Figure 2.1 shows 
the overall firing curve with the maximum firing temperature of 1931 F (1055 C). A complete 
firing cycle, including cooling would usually take about 52 hours. 
Table 2.1 Six-step designation (started from room temperature) for cored-brick firing 
using ISGS kiln. 
Step Heating Rate °F/Hour 
Final Temperature 
°F (°C) 
Holding Time 
Hour 
1 150 302 (150) 5 
2 126 1319 (715) 8 
3 90 1499 (815) 5 
4 126 1625 (885) 4 
5 153 1931 (1055) 4 
6 0 (cooling) room temperature 26 
 
  
 
 
19
 
Figure 2.1 Firing curve for cored-brick firing using ISGS kiln. 
(b) Effect of Maximum Firing Temperature on the Engineering Properties of the Fired 
Bricks Produced 
A batch of 2,800 green bricks containing 20 wt-% of Class F fly ash produced previously 
at an Illinois brick plant (BP-2) using the plant extrusion method [116] was used in this study. 
The effect of maximum firing temperature on properties of the fired bricks produced was 
examined. As indicated in Figure 2.2, firing programs with different maximum firing 
temperature, ranging from 1652 °F (900 °C) to 2012 °F (1100 °C), were used in the ISGS kiln. 
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Figure 2.2 Firing curves with seven different maximum firing temperatures for 
cored-brick firing using the ISGS kiln. Note that T5 1931 °F (1055 °C) 
was the maximum temperature used during normal firing as shown in 
Figure 2.1. 
2.4.2 Plant Cored-brick Firing 
Plant firing was conducted at two different brick plants, BP-1 in Indiana. BP-1 is 
equipped with stationary beehive kilns. In a typical firing at BP-1, as indicated in Figure 2.3, the 
dried green bricks were fired in several stages increasing from room temperature to 1950 °F 
(1066 °C) for about 5 days, then held at 1950 °F (1066 °C) for another 4 days to allow the heat to 
penetrate uniformly and then cooling to ambient temperature in about 4 days. The final fired 
bricks were then removed from the kiln, sorted and packed. 
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Figure 2.3 Firing curve for plant cored-brick firing using beehive kiln at BP-1. 
2.5 Final Fired Brick Evaluation 
2.5.1 Physical Appearance 
During fired-brick making, it is important to produce strong green bricks and then to fire 
these green bricks successfully. Fired bricks from the bench-scale firing and from commercial 
firing runs were first analyzed for their color, size, physical appearance, and marketability based 
on the participating brick plant’s specifications. 
2.5.2 Engineering Properties 
Following visual inspections, engineering property tests were conducted on these bricks 
according to the ASTM C67 standard test methods [117]. The compressive strength test was 
conducted at the National Brick Research Center–Clemson University. Other engineering tests, 
including water absorption and freeze-thaw resistance properties were conducted at the ISGS 
Brick Laboratory. 
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The data obtained were evaluated according to ASTM C62 specification for building 
brick [108]. As indicated in Table 2.2, bricks are specified into three different grades: SW 
(severe-weathering), MW (moderate-weathering), and NW (negligible-weathering). If the 24-
hour cold water absorption does not exceed 8 wt-%, then the 5-hour boiling water absorption and 
saturation coefficient specifications are waived. The saturation coefficient is the ratio of 
absorption by 24-hour submersion in cold water to the absorption after 5-hour submersion in 
boiling water. 
Table 2.2 ASTM C62 standard specification for building brick [108]. 
ASTM C62 
Grade 
Designation 
Maximum 24-
hour Cold Water 
Absorption1 
(wt-%) 
Maximum 5-hour 
Boiling Water 
Absorption (wt-%) 
Maximum Saturation 
Coefficient2, 3 
Minimum Compressive 
Strength (psi) 
Individual 
Brick 
5 Brick 
Average 
Individual 
Brick 
5 Brick 
Average 
Individual 
Brick 
5 Brick 
Average 
Grade SW 8 20 17 0.80 0.78 2,500 3,000 
Grade MW 8 25 22 0.90 0.88 2,200 2,500 
Grade NW 8 no limit no limit no limit no limit 1,250 1,500 
1If the 24-hour cold water absorption does not exceed 8 wt-%, then the 5-hour boiling water absorption, and 
saturation coefficient specifications are waived; 2The saturation coefficient is the ratio of absorption by 
24-hour submersion in cold water to the absorption after 5-hour submersion in boiling water; 3The 
requirements for 5-hour boiling water absorption and saturation coefficient do not apply, provided the 
sample meets the strength requirements and passes the freeze and thaw 50-cycle test. 
SW: severe weathering grade; MW: moderate weathering grade; NW: negligible weathering grade. 
In addition, apparent porosity, bulk density, and thermal conductivity were measured on 
final fired bricks. The apparent porosity and bulk density were measured according to the ASTM 
C20 standard test methods [118]. For thermal conductivity measurement, brick samples were cut 
into blocks with dimension of	6.0	cm×6.0	cm×2.5	cm. The thermal conductivity measurement 
was done by using an ISOMET 2104 Portable System made by Applied Precision (Bratislava, 
Slovakia). Duplicate measurements were made for each sample, and an average value of the two 
measurements was obtained for data interpretation. 
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2.6 Environmental Assessment 
The environmental acceptability of the final fired bricks containing bottom ash, IGCC 
slag, spent equilibrium catalyst, and biodiesel waste samples were assessed using a leaching 
method previously developed at the ISGS [32–35] based on U.S. EPA Method 1320 [119]. The 
method provided a measure indicating the highest concentration of each element in the final fired 
products that could likely be leached in a natural environment. 
For the leaching study, brick samples were first crushed and ground, and then pulverized 
to pass through a 100-mesh screen (to avoid contamination, the crusher, the plate mill, and the 
rod mill were completely cleaned before each use). The synthetic acid rain water was prepared 
by adding 60/40 wt-% of sulfuric acid/nitric acid to distilled de-ionized water until the pH of the 
fluid reached 3 ± 0.2 [119]. 
For each of the duplicated extractions, ten grams of pulverized brick sample was mixed 
with 200 mL of the synthetic acid rain water in a 250 mL centrifuge bottle. The mixture provided 
the required ratio of 1:20 solid/liquid. The sample bottles were secured on a rotary agitator 
(Eberbach Series 6000 Variable-Speed Mid-Range Reciprocating Shaker) and the mixture was 
agitated at room temperature (23–25 °C) for 24 hours. The changes of pH in the initial (after 
1hour leaching) and final (after 24 hours leaching) solutions were monitored. Samples were 
centrifuged in a Beckman Coulter J2-HC Centrifuge to separate the solid from the supernatant 
liquid. The leachates were further filtered through 0.45 µm Metricel membrane filters (GN-6). 
Thirty two elements, including seven metals As, Ba, Cd, Cr, Hg, Ni, Pb, and Se which are 
regulated by EPA [120] in each leachate were determined. Mercury concentration was 
determined by a cold vapor atomic fluorescence spectrometer (CVAFS). The remaining 31 
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elements were determined using an ICP-MS at the Illinois Sustainable Technology Center –
Prairie Research Institute, UIUC. The Center is equipped with an ICP-MS (Thermo VG 
Elemental, model PQ ExCell) and a cold vapor atomic fluorescence spectrometer (PS Analytical, 
Millennium Merlin System). 
2.7 Economic Analysis 
In this study, a preliminary production cost estimation was conducted for making fired 
brick containing bottom ash and spent e-cat at brick plant BP-1. Each brick company has its own 
market and market penetration strategy, and each determined that the waste-containing brick 
products would not compete in the current market with regular bricks. Therefore, plant 
production cost would be the key element in the economic evaluation of using a waste material 
as an ingredient for brick making. If conventional equipment could be directly adapted to make 
waste-containing bricks without additional costs for retrofitting, the cost savings from producing 
waste-containing bricks over producing regular bricks could be estimated from the difference 
between the cost of obtaining/processing waste material and the cost of obtaining/processing 
regular brick raw materials. If the waste materials could be provided to a brick company free of 
charge, the cost of obtaining waste material would depend on the cost of shipping the waste from 
its source to the brick plant. If waste would be readily available and would have particle size fine 
enough to be used without further grinding, brick companies using the waste could save on the 
cost of mining and grinding of the raw materials. The cost of mining, shipping, and grinding of 
raw materials are plant specific; thus, production costs must be analyzed on a case-by-case basis. 
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2.8 Chemical Composition and Successful Formulation for Using Solid-waste Material 
in Fired-brick Making 
In this study, based on previous [32, 34, 35] and current studies at the ISGS/NRES, data 
for metal oxide compositions of regular bricks and solid-waste materials and fired bricks made 
successfully using these solid-waste materials blended with clay and shale were compiled and 
examined. The results of this study could provide a simple tool, based on chemical composition, 
for selecting a new waste material or for preparing an adequately blended mixture for testing 
fired brick. 
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CHAPTER 3. RESULTS AND DISCUSSION 
3.1 Bottom Ash and Fired Bricks Containing Bottom Ash 
3.1.1 Material Processing 
The bottom ash sample received from power plant PP-1 taken from a pond. The as-
received bottom ash sample, shown in Figure 3.1 (a), has coarse particles in irregular shapes and 
various sizes. The fraction retained on 8-mesh screen was further ground until all particles had 
been sieved through the 8-mesh screen. The processed bottom ash sample, shown in Figure 3.1 
(b), was identified as BA-PP-1. Other raw ingredients used to blend with BA-PP-1 for making 
fired test bricks were clay and shale which had been processed and were provided by the brick 
manufacturing plant BP-1. A sample of Class F fly ash from a pond (identified as PFA-PP-1) 
was provided by PP-1 in a fine powder form. The characteristics of these other raw ingredients 
have been previously reported [32, 34, 35]. The characteristics of BA-PP-1 sample were reported 
in this study. 
   
Figure 3.1 (a) As-received bottom ash sample and (b) post-processing bottom ash 
sample (BA-PP-1). 
(a) (b) 
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3.1.2 Material Characterizations 
Bulk Density 
The bulk density of BA-PP-1, PFA-PP-1, clay and shale samples were determined. The 
results indicated that BA-PP-1 and PFA-PP-1 samples were similar in their bulk density, but 
were less dense than the clay and shale samples. The bulk density of BA-PP-1 was 1.21 g/cm3 
(or 75.5 lb/ft3) and that of PFA-PP-1 was 1.20 g/cm3 (or 74.9 lb/ft3). The bulk densities of the 
clay and shale samples were 1.40 g/cm3 (87.4 lb/ft3) and 1.42 g/cm3 (88.7 lb/ft3), respectively. 
Particle Size Distribution 
The particle size distribution and accumulated particle size distribution of BA-PP-1 are 
shown in Figures 3.2 (a) and 3.2 (b), respectively. As indicated in Figure 3.2 (a), the sample had 
particle sizes of less than 2,360 µm (8 mesh) with the majority (87.0 percent) of the particles in a 
bell shape distributed between 100 and 2,360 m. About half (48.5 percent) of the particles were 
greater than 1,000 m. In comparison to the BA-PP-1 sample, the processed clay and shale 
samples had much smaller particle size distributions, between 1 and 100 m; PFA-PP-1 sample 
had about the same size range as that of the clay and shale samples [32], between 1 and 120 m. 
 
Figure 3.2 (a) Particle-size distribution and (b) accumulated particle-size 
distribution (% retained) for BA-PP-1 sample. 
(a) (b) 
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Thermogravimetric Analysis (TGA) 
In general, a TGA analysis weight loss which occurs below 400 °C is indicative of the 
loss of free water or crystalline water. Weight loss which occurs between 400 and 700 °C is due 
mainly to the evolution (in a nitrogen or helium atmosphere) or combustion (in air) of the 
organic material in the sample, and additional weight loss which occurs between 750 and 850 °C 
may be attributed to the decomposition of carbonate compounds, such as calcite (calcium 
carbonate), in the sample. A typical weight-loss profile of BA-PP-1 heated from room 
temperature to 1030 °C is shown in Figure 3.3. The overall weight loss for BA-PP-1 was only 
0.74 percent and there was no pronounced weight loss in any of the temperature ranges 
mentioned above. The results indicated that BA-PP-1 contained very limited volatile substances 
and may serve as a good filler material in fired bricks. 
 
Figure 3.3 The weight loss profile of the BA-PP-1 heated from room temperature 
to 1030 °C. 
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X-ray Diffraction (XRD) 
Step-scanned data were collected from 2° 2θ to 60° 2θ with a 0.05 step size at 2 
degree/min. These data were analyzed using Jade 9 software. As shown in Figure 3.4, the X-ray 
diffractograms of BA-PP-1 and PFA-PP-1 samples were very similar to each other. Both showed 
distinct peaks of three crystalline phases and the existence of a glassy phase which was 
predominantly quartz (SiO2) and mullite. Other crystalline phases identified include illite, 
plagioclase feldspar (p-feldspar), calcite, corundum (aluminum oxide) and hematite. 
 
Figure 3.4 X-ray diffractograms of BA-PP-1 and PFA-PP-1 samples.  
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Scanning Electron Microscopy (SEM) 
The SEM images of BA-PP-1 at 100x magnification are shown in Figure 3.5. The images 
indicated that the sample contained particles mainly in irregular shapes and various sizes. Close-
up views of an irregularly shaped particle of about 200 µm size, at 650x, 3,000x, and 6,500x 
magnifications, are shown in Figure 3.6. Some of the voids of the particle were filled with sall, 
loose spongy grains. This spongy material may have been deposited either during pond storage 
of the bottom ash sample, or during the grinding process. 
    
Figure 3.5 SEM images of BA-PP-1 at 100x magnification. 
     
Figure 3.6 SEM images of BA-PP-1 at 650x (left), 3,000x (middle), and 6,500x 
(right) magnifications. 
Chemical Analyses 
The major metal oxides composition and LOI of BA-PP-1 were determined. The results 
are listed in Table 3.1, along with the corresponding data for the clay, shale, and PFA-PP1 from 
100x 
650x 
100x 
3,000x 6,500x 
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previous reports [32, 34, 35]. As indicated in Table 3.1, BA-PP-1 had the lowest amount of 
silicon oxide (SiO2), 46.49 percent, compared to that of PFA-PP-1, 53.57 percent, and that of 
clay and shale samples, 58.21–59.87 percent. The aluminum oxide (Al2O3) content of BA-PP-1 
was 21.23 percent, slightly less than that of PFA-PP-1, 23.86 percent, but slightly more than that 
of clay and shale samples, 17.98–20.85 percent. Also, the data show that BA-PP-1 had iron oxide 
(Fe2O3), 17.25 percent, more than that of PFA-PP-1, 12.88 percent, and much more than that of 
the clay and shale samples, 5.48–6.74 percent. Overall, the sum of the above mentioned three 
major oxides for each material was 84.54–84.97 percent, with an exception of PFA-PP-1, which 
was 90.31 percent. Also, BA-PP-1 had more calcium oxide (CaO), 7.22 percent, than the PFA-
PP-1 sample, 1.19 percent, and the clay and shale samples, 0.70–0.71 percent. The loss on 
ignition of BA-PP-1 was similar to that of PFA-PP-1, both of which were much less than the clay 
and shale samples. The results of chemical analyses were consistent with the observations from 
XRD analysis in that BA-PP-1 contained calcite and were also consistent with the TGA analysis 
in that BA-PP-1 had very limited volatile composition (low LOI). 
Table 3.1 Metal oxide composition (wt-%), and LOI (%) of PFA-PP-1, BA-PP-1, clay, 
and shale samples. 
Raw Material SiO2  Al2O3 Fe2O3 
SiO2 + Al2O3 
+ Fe2O3 MgO CaO Na2O K2O LOI 
BA-PP-11 46.49 21.23 17.25 84.97 0.95 7.22 1.03 1.75 1.10 
PFA-PP-11 53.57 23.86 12.88 90.31 1.15 1.19 0.71 2.70 1.86 
clay1 58.21 20.85 5.48 84.54 1.31 0.70 0.46 2.36 9.06 
shale1 59.87 17.98 6.74 84.59 1.82 0.71 5.44 2.97 7.28 
1See reference [32]. SiO2: silicon dioxide; Al2O3: aluminum oxide; Fe2O3: iron oxide; MgO: magnesium 
oxide; CaO: calcium oxide; Na2O: sodium oxide; K2O: potassium oxide; LOI: loss on ignition. 
The minor and trace element compositions of BA-PP-1 were determined and the data 
obtained are listed in Table 3.2, along with the data for PFA-PP1, clay, and shale from previous 
studies [32, 34, 35]. No distinct trends could be drawn from the minor and trace element 
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compositions among these raw materials. In general, BA-PP-1 and PFA-PP-1 had higher 
concentrations of arsenic (As), boron (B), cadmium (Cd), chromium (Cr), lithium (Li), nickel 
(Ni), vanadium (V), lead (Pb), and zinc (Zn) than the clay and shale samples. Among all the 
samples, the BA-PP-1 sample had the highest content of calcium (Ca) (5.17 percent) and sulfur 
(S) (0.57 percent), whereas, the PFA-PP-1 had the highest content of arsenic (As) (89.7 ppm), 
boron (B) (450 ppm), barium (Ba) (550 ppm), cadmium (Cd) (3.74 ppm), chromium (Cr) (239 
ppm), nickel (Ni) (260 ppm), vanadium (V) (275 ppm), lead (Pb) (168.5 ppm) and zinc (Zn) (517 
ppm). 
Table 3.2 Concentrations of elements in BA-PP-1, PFA-PP-1, clay, and shale samples (in 
ppm or wt-% as specified). 
Raw 
Material 
As 
(ppm) 
B 
(ppm) 
Ba 
(ppm) 
Cd 
(ppm) 
Cr 
(ppm) 
Hg 
(ppm)
Li 
(ppm)
Mn 
(ppm)
Ni 
(ppm)
Pb 
(ppm)
V 
(ppm)
Zn 
(ppm)
Ca 
(wt-%) 
K 
(wt-%) 
Mg 
(wt-%) 
Na 
(wt-%)
S 
(wt-%)
BA-PP-11 21.9 ND 480 0.50 211 0.05 170 886 233 69.5 205 341 5.17 1.47 0.50 0.83 0.57
PFA-PP-11 89.7 450 550 3.74 239 0.02 154 244 260 168.5 275 517 0.82 2.11 0.59 0.48 0.04
clay1 16.0 114 470 <1 102 0.06 125 752 51 23.0 115 59 1.43 1.85 0.90 0.45 0.28
shale1 4.7 ND 500 <1 57 0.02 66 644 45 17.8 111 97 0.49 2.38 1.09 0.72 0.23
1See reference [32]. ND: not determined. As: arsenic; B: boron; Ba: barium; Ca: calcium; Cd: cadmium; 
Cr: chromium; Li: lithium; Ni: nickel; V: vanadium; Pb: lead; K: potassium; Na: sodium; Mg: 
magnesium; Mn: manganese; Zn: zinc; S: sulfur; Hg: mercury. 
3.1.3 Green Brick Formulation and Formation by Extrusion at the Brick Plant BP-1 
In this study for the scale-up production test runs, volume-ratio was used to calculate the 
amount of each feed ingredient (BA-PP-1, PFA-PP-1, clay and shale materials) to mix together 
for a batch of bricks. This is the method used by brick plant BP-1 to mix their feed ingredients 
for regular commercial brick production. As indicated in Table 3.3, the feed formulations 
containing BA-PP-1 for RUN-2 and RUN-3 were designed based on the results of a previous 
study in making mold-pressed fired bricks containing bottom ash of the same source [35]. The 
test runs also included a regular brick formulation (RUN-1) with no ash addition. Also, to 
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maintain adequate plasticity for successful extrusion, the feed mixture in each run contained the 
same amount of clay material, 14.3 v-%. For the RUN-1 feed material, the volume ratio of clay 
to shale was 1 to 6, equivalent to 14.3 v-% to 85.7 v-%. For the RUN-2 feed material, one 
volume of shale in the reference mix was replaced by one volume of BA-PP-1. For RUN-3 feed 
material, three volumes of shale in the regular mixture were replaced by one volume of PFA-PP-
1 and two volumes of BA-PP-1. On the basis of a calculation using bulk density, RUN-2 feed 
contained approximately 17.3 wt-% (14.3 v-%) of BA-PP-1 and RUN-3 feed contained about 
34.6 wt-% (28.6 v-%). Three batches (S1, S2, and S5) of green bricks, each containing 2,000 
bricks, were produced. These green bricks were moved into a drying room and after drying for 
seven days at 250–350 °F, the dried bricks were moved into the commercial beehive kiln for 
plant firing at BP-1. 
Table 3.3 Formulation in v-% (ratio) for scale-up production test runs. 
Scale-up Run Brick ID 
Volume, v-% (ratio) 
clay Shale BA-PP-1 PFA-PP-1 
RUN-1 S1 14.3 (1) 85.7 (6) 0.0 (0) 0.0 (0) 
RUN-2 S2 14.3 (1) 71.4 (5) 14.3 (1) 0.0 (0) 
RUN-3 S5 14.3 (1) 42.8 (3) 28.6 (2) 14.3 (1) 
S1: regular brick formulation. 
3.1.4 Evaluation of Final Fired Bricks 
Physical Appearance  
Figure 3.7 shows photos of the three batches of final fired bricks S1, S2, and S5. Figure 
3.8 shows one brick from each batch after being sawn in half to evaluate physical appearance of 
the bricks. The fired bricks containing ash (S2 and S5) were comparable in color to regular 
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bricks (S1). Also, all the fired bricks had no scum, lime pops, cracks, red hearts or black hearts 
and were commercially acceptable based on BP-1’s own plant evaluation. 
 
Figure 3.7 Final fired bricks produced from scale-up test runs. S1: regular bricks 
that contained no ash; S2: bricks that contained 14.3 v-% BA-PP-1; 
S5: bricks that contained 14.3 v-% PFA-PP-1, and 28.6 v-% BA-PP-1. 
 
Figure 3.8 Full-size brick from each batch after being sawn in half. 
Engineering Properties 
The engineering properties of the final fired bricks were analyzed and the results are 
listed in Table 3.4. The engineering data indicated that the 24-hour cold water absorption 
capacity of the bricks containing bottom ash (S2 at 1.1 percent, and S5 at 0.5 percent) was much 
S1 S2 S5 
S1 S2 S5 
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less than that of the regular bricks (S1 at 2.6 percent). However, according to ASTM C62 
specification for building brick (Table 2.2), the 24-hour cold water absorption for the regular 
brick (S1) and the bricks that contained ash (S2 and S5) met the specified standard of less than 8 
wt-%; therefore, the 5-hour boiling water absorption and the calculation of the saturation 
coefficient specifications were not necessary. Also, all these bricks passed the 50-cycle freeze 
and thaw resistance test. 
The compressive strength data indicated that the bricks containing BA-PP-1 were slightly 
softer than the regular bricks: S1 at 20,085 psi, S2 at 19,751 psi, and S5 at 19,338 psi. However, 
all the bricks had a compressive strength of greater than 3,000 psi, meeting the ASTM 
specification (see Table 2.2) for building bricks of severe weathering grade. 
Table 3.4 Engineering properties of the final fired bricks produced. 
Brick ID S1 (REG) S2 S5 
Volume, v-% (ratio) Clay 14.3 (1) Clay 14.3 (1) clay 14.3 (1)
Shale 85.7 (6) Shale 71.4 (5) shale 42.8 (3)
  BA-PP-1 14.3 (1) BA-PP-1 28.6 (2)
    PFA-PP-1 14.3 (1)
24-hour cold water absorption, % 2.6 1.1 0.5 
5-hour boiling water absorption, % 3.4 2.3 0.8 
Saturation coefficient 0.76 0.47 061 
Compressive strength, psi 20,085 19,751 19,338 
Freeze and thaw, cycle 50 50 50 
ASTM C62 grade SW SW SW 
REG: regular brick; SW: severe weathering grade. 
3.1.5 Environmental Assessments 
To study the possible environmental impact of using these fired bricks containing bottom 
ash, pulverized final fired-brick samples (S1, S2, and S5) were subjected to a leaching study 
using simulated acidic rainwater according to the U.S. EPA Method 1320 [119] (see Chapter 2). 
Brick sample extracts and a blank, acidic water before use for extraction, were analyzed for their 
  
 
 
36
elemental concentrations. The pH values of the extracts, and the concentrations of 24 elements in 
the extracts and the blank, and the regulatory thresholds of the elements As, Ba, Cd, Cr, Hg, Ni, 
Pb, and Se for acidic extractions from comparable solid waste [120] are presented in Table 3.5. 
As indicated in Table 3.5, the pH of each pulverized brick sample extract was higher after the 
24-hr agitation than that the after 1-hour agitation. The pH of the extract of brick containing 
bottom ash (S2) was higher (4.95) than that (4.38) of the regular brick (S1). However, in sample 
S5 with increased bottom ash and incorporated PFA-PP-1 relative to regular brick, the pH of the 
extract was lower (4.29). The concentrations of the elements of regulatory concern (those 
elements with U.S. EPA limits) in the extracts of these brick samples were well below the 
regulatory thresholds, which indicated that the fired bricks containing bottom ash, like the 
regular brick, could be considered as environmentally safe construction products. 
Table 3.5 Concentrations (mg/L) of elements in the extracts generated from simulated 
acid rainwater extractions of samples of pulverized regular brick (S1) and 
pulverized bricks that contained ash (S2, and S5). 
Brick Sample Elemental concentrations in the extracts, in mg/L (solid:acidic water = 1:20 by weight) 1-hr 
Al As B Ba Ca Cd Co Cr Cu Fe Ga Hg pH 
S1 (REG) 0.43 <0.002 <0.02 0.065 66 <0.001 0.019 <0.006 0.170 34.0 0.011 <6E-6 3.46
S2 <0.02 <0.002 0.047 0.043 75 <0.001 0.021 <0.006 0.013 26.0 0.010 <6E-6 3.73
S5 0.45 <0.002 <0.02 0.061 57 <0.001 0.021 <0.006 0.300 47.0 0.011 <6E-6 2.74
Blank  <0.26 <0.008 <0.02 0.018 <0.21 <0.001 <0.004 <0.006 0.026 2.1 0.008 <6E-6 2.80
U.S. EPA limit - 5.0 - 100.0 - 1.0 - 5.0 - - - 0.2 - 
Brick Sample Elemental concentrations in the extracts, in mg/L (solid:acidic water = 1:20 by weight) 24-hr
K Li Mg Mn Na Ni Pb S Se Sr V Zn pH 
S1 (REG) 5.6 0.056 9.70 1.8 3.7 0.150 <0.002 54 <0.002 0.130 <0.006 0.091 4.38
S2 9.0 0.066 11.00 2.2 4.8 0.220 <0.002 53 <0.002 0.160 <0.006 0.043 4.95
S5 5.3 0.057 5.90 1.8 2.8 0.210 <0.002 47 <0.002 0.130 <0.006 0.110 4.29
Blank 4.3 0.021 0.18 <0.01 1.1 0.015 <0.022 36 <0.002 0.012 <0.006 0.024 2.82
U.S. EPA limit - - - - - 5.0 5.0 - 1.0 - - - - 
REG: regular brick. Al: aluminum; As: arsenic; B: boron; Ba: barium; Ca: calcium; Cd: cadmium; Co: 
cobalt; Cr: chromium; Cu: copper; Fe: iron, Ga: gallium; Hg: mercury; K: potassium; Li: lithium; Mg: 
magnesium; Mn: manganese; Na: sodium; Ni: nickel; Pb: lead; S: sulfur; Se: selenium; Sr: strontium; V: 
vanadium; Zn: zinc; <6E-6: <0.000006 ppm, detection limit of Hg. 
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3.1.6 Economic Analysis 
The economic analysis for producing bricks containing BA-PP-1 using the tested formula 
at BP-1 was conducted. Since the existing machinery at BP-1 was used and no additional capital 
cost was required, the economic analysis was mainly based on the plant production cost 
comparison between regular brick production and brick that contains bottom ash. 
The production capacity of BP-1 is 12 million bricks per year, and one regular brick is 
about 4.25 pounds. Therefore, BP-1 would require 25,500 tons of clay and shale raw materials 
per year for its regular brick production. According to BP-1, the cost of mining that amounts of 
clay and shale for its annual production was $143,000. The grinding and processing added 
another $75,000 per year. 
In the case of producing bricks with RUN-2 formulation (17.3 wt-% of BA-PP-1), this 
would require 4,412 tons of BA-PP-1 to replace the same amount of shale. Since the bottom ash 
is available year round, the annual cost saving on mining in this case is estimated at $24,739 
(=$143,000×17.3%) per year. However, the cost of grinding and processing would remain the 
same because the bottom ash material, similar to the clay and shale materials, would require 
grinding and processing to -8 mesh sizes. Thus, the total savings from incorporating bottom ash 
in bricks would be $24,739 per year. 
In the case of producing bricks with RUN-3 formulation (34.6 wt-% of BA-PP-1 and 17.2 
wt-% PFA-PP-1), this would use 8,823 tons (17,646,000 pounds) of BA-PP-1 and 4,386 tons 
(8,772,000 pounds) of PFA-PP-1. By using both ash materials, the amount of shale material 
replaced would be in 51.8 wt-%, equivalent to savings in mining costs of $74,074 
(=$143,000×51.8%) per year. Since fly ash does not require further grinding, the added cost-
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savings in using PFA-PP-1 would be $12,900 (=$75,000×17.2%) per year. Thus, the total 
savings as a result of using the waste materials would be $86,974. 
BP-1 has its own clay and shale mines at the site of the brick plant, whereas, the source of 
ashes is about 5 miles from BP-1. Therefore, for BP-1 to use these ash materials, it is necessary 
to consider the possibility of paying the shipping cost and material cost. 
Coal power plants produce fly ash and bottom ash as major by-products of coal 
combustion, and these ash materials are transported through piping into nearby temporary 
storage ponds and are readily available throughout the year. Usually, power plants would pay 
handling fees for a specific company to periodically remove their pond ash material to landfills 
[44, 121]. Most power plants are thus likely to provide the ash materials for free. In this case 
study, PP-1 usually would give PFA-PP-1 and BA-PP-1 away for free. Based on previous study 
by Chou et al. [35], the cost of trucking fly ash from PP-1 to BP-1 was estimated at $65 per hour 
by a trucking company. According to the trucking distance of 5 miles (0.5 hours) and the loading 
and unloading of one truck load (25 tons) of the ash material (1 hour maximum), the overall 
transportation cost would be $3.90 (=$65×1.5/25) per ton. There are four scenarios with respect 
to shipping and material costs if BP-1 is to use the ash materials from PP-1. 
1. PP-1 would provide and ship both ash materials to BP-1 at no cost to BP-1. The net 
annual saving at BP-1 would be the total saving from mining and grinding as 
described earlier, which is $24,739 for producing S2 bricks, and $86,974 for 
producing S5 bricks. 
2. PP-1 would provide both ash materials to BP-1 at no cost to BP-1, but BP-1 would 
pay the shipping cost. The annual estimated shipping costs to BP-1 would be $17,207, 
and $51,515 for producing S2 bricks and S5 bricks, respectively. As a result, the net 
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annual saving would be $7,532 for producing S2 bricks and $35,459 for producing S5 
bricks. 
3. PP-1 would provide both ash materials to BP-1 at no cost to BP-1, but share with 
BP-1 by paying half of the shipping cost, which is $1.95 per ton. The annual shipping 
cost to BP-1 would be reduced to $8,603 for producing S2 bricks and to $25,758 for 
producing S5 bricks. Thus the annual net savings to BP-1 would be $16,136 and 
$61,216 for producing S2 bricks and S5 bricks, respectively. 
4. PP-1 would provide its fly ash material to BP-1 at no cost to BP-1, but provide its 
bottom ash material for a cost of $3 per ton to BP-1 [44]; PP-1 would absorb all the 
shipping costs. The material cost for obtaining bottom ash would be $13,236 and 
$26,469 for producing S2 and S5 bricks respectively. Thus, the annual net saving 
would be reduced to $11,503 and $60,505 for producing S2 and S5 bricks, 
respectively. 
The economic analysis should be conducted on a case-by-case basis. Overall, the 
economic analysis indicated that BP-1 could benefit from using ash materials from PP-1 and 
could save from $7,532 (3.5%) to $24,739 (11.3%) per year by producing S2 bricks and save 
$35,459 (16.3%) to $86,974 (40.0 %) per year by producing S5 bricks. 
3.2 IGCC Slag and Bricks Containing IGCC Slag Material 
3.2.1 Material Processing 
One of two slag materials (identified as SG1) was provided by an IGCC plant in Tampa, 
Florida (IGCC-P1). The SG1 was received after most of its carbon had been separated. The other 
slag material (identified as SG2) was received from an IGCC plant near West Terre Haute, 
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Indiana (IGCC-P2) without carbon separation. As indicated in Figure 3.9 (a) and Figure 3.9 (b), 
these as-received slag materials mainly consisted of coarse particles of irregular shapes. Particle 
size analysis indicated that 99 percent of SG1 particles and 94 percent of SG2 particles were 
greater than 250 m (60 mesh), and nearly half (48 percent) of SG1 particles, and about one third 
(30 percent) of SG2 particles, were greater than 2,360 m (8 mesh). Thus, further grinding to -8 
mesh sizes was conducted on both SG1 and SG2 samples. 
   
Figure 3.9 As-received (a) SG1 and (b) SG2 samples. 
Similar to the bottom ash sample, the fraction of the slag sample that was retained on the 
8-mesh screen was further ground until all particles passed through the 8-mesh screen. Such 
processed samples were identified as SG1-8 and SG2-8, as shown in Figure 3.10 (a) and Figure 
3.10 (b), respectively. One split of SG1-8 was further ground to -60 mesh size and another split 
was ground to -100 mesh size. These finer products were identified as SG1-60 and SG1-100, 
respectively. A split of SG2-8 was also further ground to -100 mesh size and was identified as 
SG2-100. The finer samples, SG1-100 and SG2-100, were used for characterizations, and the 
coarser samples, SG1-8 and SG2-8, were used to blend with clay and shale at the beginning of 
the tests for making fired bricks. Additional tests were later conducted using finer samples SG1-
(a) (b) 
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60 and SG1-100 for possible improvement of the final fired brick quality. The clay and shale 
samples used were from the same source (BP-1) as described in the previous section. The sample 
of Class F fly ash used was from PP-1 as described in the previous section. 
   
Figure 3.10 Visual observation shows that (a) SG1-8 was coarser than (b) SG2-8. 
3.2.2 Material Characterizations 
Bulk Density 
The bulk densities of SG1-8, SG1-60, and SG1-100 and SG2-8 were measured and 
compared with that of the clay, shale, and PFA-PP-1. As indicated in Table 3.6, the bulk 
densities of these samples were very similar to each other. 
Table 3.6 Bulk density of raw materials used in making fired bricks containing IGCC 
slag. 
Raw Material SG1-8 SG1-60 SG1-100 SG2-8 clay shale PFA-PP-1
Bulk density 
g/cm3 
(lb/ft3) 
1.35 
(84.3) 
1.47 
(91.8) 
1.41 
(88.0) 
1.44 
(89.9) 
1.40 
(87.4) 
1.42 
(88.7) 
1.20 
(74.9) 
 
  
(a) (b) 
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Particle Size Distribution 
As shown in Figure 3.10, visual observation indicated that SG2-8 was finer than SG1-8. 
This observation was supported by the particle size analyses of the samples. The particle size 
distributions and the accumulated particle size distribution of the SG1-8 and SG2-8 are shown in 
Figures 3.11 and 3.12, respectively. For both SG1-8 and SG2-8 all particle sizes were less than 
2,360 m (8 mesh). For SG1-8, 78.7 percent of the particles had sizes greater than 1,000 m, and 
for SG2-8, 27.9 percent of the particles were greater than 1,000 m. The percentage of particles 
in the percentage of particles in the fraction less than 1,000 m and greater than 250 m, was 
14.8 percent for SG1-8 and 51.3 percent for SG2-8. These data indicated that SG2-8 was finer 
than SG1-8. 
  
Figure 3.11 (a) Particle-size distribution and (b) accumulated particle-size 
distribution (% retained) of SG1-8 for fired-brick making. 
(a) (b)
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Figure 3.12 (a) Particle size distribution and (b) accumulated particle size 
distribution (% retained) of SG2-8 for fired brick making. 
As mentioned, at the beginning of the tests for making fired bricks, SG1-8 and SG2-8 
were blended with clay and shale. Additional tests were later conducted using the finer samples 
SG1-60 and SG1-100 for improvement or correction on the final fired-brick quality. 
Thermogravimetric Analysis (TGA) 
The typical weight-loss profile (without derivative curve shown) for the SG1-100 heated 
from room temperature to 1030 °C is indicated in Figure 3.13. The overall weight loss for SG1-
100 was 0.65 percent. The typical weight-loss profile and its derivative curve (the rate of weight 
loss) for SG2-100 heated from room temperature to 1030 °C are shown in Figure 3.14. The 
overall weight loss for SG2-100 was 6.3 percent, almost ten times than that for SG2-100. As 
mentioned in the previous chapter, in general, the weight loss that occurs below 400 °C is 
indicative of the loss of free water, embedded or crystalline water. The weight loss that occurs 
between 400 and 700 °C is due mainly to the evolution (under nitrogen or helium atmosphere) or 
combustion (under air) of the organic material in the sample, and any further weight loss that 
occurs between 750 and 850 °C may be attributed to the decomposition of carbonate compounds, 
such as calcite (calcium carbonate) in the sample. The overall weight loss for the SG1-100 was 
(a) (b)
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very limited and no pronounced derivative peaks in each temperature region mentioned above. 
 
Figure 3.13 The weight-loss profile of SG1-100 heated from room temperature to 
1030 °C. 
On the other hand, the initial heating of SG2-100 (see Figure 3.14) below 400 °C showed 
a weight loss of 3.3 percent and a broader hump peaked at 79.9 °C, 140.3 °C, and 266.1 °C, 
indicative of the losses of free water, embedded or crystallized water. Further heating between 
400 and 700 °C showed a weight loss of 0.9 percent and peaked at 432 °C, which was due to the 
decomposition of organic carbon material. Further heating between 700 and 1030 °C showed a 
weight loss of 2.1 percent with a major derivative peak seen at 853.9 °C, indicative of the 
decomposition of mineral matter, such as calcite (CaCO3). The results of TGA analysis indicated 
that SG1-100 and SG2-100 had different volatilities. This is because of very limited volatile 
substances in SG1-100. Chemical analysis (LOI value, see Table 3.7) also confirmed this 
observation.  
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Figure 3.14 The weight-loss profile of SG2-100 heated from room temperature to 
1030 °C. 
X-ray Diffraction (XRD) 
The X-ray diffractograms of the SG1-100 and SG2-100 samples were collected using 
Jade 9 software. As shown in Figure 3.15, the X-ray diffractograms of SG1-100 and SG2-100 
were very similar. Both showed very noisy background, indicative of amorphous structure. 
However, the pronounced peaks showed the occurrence of two principal crystalline minerals–
quartz and corundum. Quartz is a form of silicon dioxide (SiO2), and corundum is a form of 
aluminum oxide (Al2O3) with traces of iron, titanium, and chromium. 
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Figure 3.15 X-ray diffractograms of SG1-100 and SG2-100 samples. 
Scanning Electronic Microscopy (SEM) and Energy Dispersive Spectrum (EDS) 
The SEM analysis was conducted on the SG1-100 and SG2-100, plus other coarser slag 
samples. The SEM images of the SG1-100 and the SG2-100 are shown in Figure 3.16. In general, 
the observed particles were amorphous and glassy, predominantly of irregular shapes with 
somewhat sharp edges, and size between several µm and several tens of µm. As shown in 
Figures 3.16 and 3.17, the EDS analysis gave elemental composition of a specific spot (A) on a 
particle of the SG1-100 sample and another specific spot (B) on a particle of the SG2-100 sample. 
Both samples contained mainly silicon and aluminum, and smaller amounts of iron, oxygen, and 
other elements. The EDS analysis results also indicated that SG2-100 contained a fair amount of 
carbon (Figure 3.17). 
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Figure 3.16 SEM images of SG1-100 at 650x magnification (left), and SG2-100 at 
350x magnification (right). A and B indicated locations of EDS 
analyses (see Figure 3.17). 
 
Figure 3.17 Elemental compositions by an EDS analysis of SG1-100 spot A and 
of SG2-100 spot B, as indicated in SEM. 
B 
A 
650x 350x 
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Chemical Analyses 
The chemical composition presented as oxides in wt-%, and the carbon contents 
measured as loss-on-ignition (LOI) of SG1-100 and SG2-100 were compared with those of clay 
and shale (see Table 3.7). In general, SG1-100 and SG2-100, similar to PFA-PP-1 (Class F fly 
ash), had metal oxide compositions similar to that of clay and shale with a sum of the three major 
metal oxides (SiO2, Al2O3, and Fe2O3) of 80 wt-% or more. Silicon oxide (SiO2) and aluminum 
oxide (Al2O3) were predominant. There was one exception to this trend for SG2-100, its Fe2O3 
content (23.71 wt-%) was more than 4 percent greater than its Al2O3 content (19.18 wt-%) rather 
than being less than Al2O3. 
Also, SG1-100 and SG2-100, similar to PFA-PP-1, contained more CaO content than the 
clay and shale materials. As expected, the LOI value of SG2-100 (14.80 percent) was greater 
than that of SG1-100 (1.44 percent) because the SG1 had much of its carbon removed prior to 
receipt. 
Table 3.7 Metal oxide composition (wt-%), and LOI (%) of SG1-100, SG2-100, PFA-PP-
1, clay, and shale samples. 
Raw Material SiO2  Al2O3 Fe2O3 
SiO2 + Al2O3 
+ Fe2O3 MgO CaO Na2O K2O LOI 
SG1-100 57.25 19.51 9.87 86.63 1.89 2.45 2.19 2.11 1.44
SG2-100 37.10 19.18 23.71 79.99 0.64 1.58 0.29 1.52 14.80
PFA-PP-11 53.57 23.86 12.88 90.31 1.15 1.19 0.71 2.70 1.86
clay1 58.21 20.85 5.48 84.54 1.31 0.70 0.46 2.36 9.06
shale1 59.87 17.98 6.74 84.59 1.82 0.71 0.94 2.97 7.28
1See reference [32]. SiO2: silicon dioxide; Al2O3: aluminum oxide; Fe2O3: iron oxide; MgO: magnesium 
oxide; CaO: calcium oxide; Na2O: sodium oxide; K2O: potassium oxide; LOI: loss on ignition. 
When acquiring the slag material, ISGS was instructed by the IGCC-P1 that no minor 
and trace elemental analysis should be conducted/ reported on their slag material. In order to 
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honor this commitment, only the SG2 sample was analyzed and reported here. The contents of 
minor and trace elements in SG2-100 are listed with those of PFA-PP-1, clay and shale in Table 
3.8. With some exceptions in the contents of K, Na, Mg, and Mn, in general, SG2-100 and PFA-
PP-1 had higher contents of other elements than the clay and shale. However, as shown in 
Section 3.2.5, in spite of the higher elemental contents in the feed materials,  the final fired 
bricks containing 10 wt-% or 20 wt-% of SG1 or SG2 materials were still considered as 
environmentally safe construction products. 
Table 3.8 Concentrations of minor and trace elements in SG1-100, SG2-100, PFA-PP-1, 
clay and shale samples (in ppm or wt-% as specified). 
Raw 
Material 
As 
(ppm) 
B 
(ppm) 
Ba 
(ppm) 
Cd 
(ppm) 
Cr 
(ppm) 
Hg 
(ppm)
Li 
(ppm)
Mn 
(ppm)
Ni 
(ppm)
Pb 
(ppm)
V 
(ppm)
Zn 
(ppm)
Ca 
(wt-%) 
K 
(wt-%) 
Na 
(wt-%) 
Mg 
(wt-%)
S 
(wt-%)
SG2-100 51.1 730 330 0.86 232 0.05 124.5 279 443 250.0 250 707 1.10 1.16 0.16 0.31 1.15 
PFA-PP-11 89.7 450 550 3.74 239 0.02 154.0 244 260 168.5 275 517 0.82 2.11 0.48 0.59 0.04 
clay1 16.0 114 470 <1 102 0.06 125.0 752 51 23.0 115 59 1.43 1.85 0.45 0.90 0.27 
shale1 4.7 ND 500 <1 57 0.02 66.0 644 45 17.8 111 97 0.49 2.38 0.72 1.09 0.23 
1See reference [32]. ND: not determined. As: arsenic; B: boron; Ba: barium; Ca: calcium; Cd: cadmium; 
Cr: chromium; Li: lithium; Ni: nickel; V: vanadium; Pb: lead; K: potassium; Na: sodium; Mg: magnesium; 
Mn: manganese; Zn: zinc; S: sulfur; Hg: mercury. 
3.2.3 Green Brick Formulation and Formation by Mold-pressing Method 
Small batches of full-size (8.25"×4.00"×2.50") green building bricks were made by a 
proprietary mold-pressing method developed at the ISGS. Firing was conducted on the dried 
green bricks using the ISGS bench-scale kiln with a temperature program having a maximum 
temperature of 1055 °C (1931 °F) (see Chapter 2). In the beginning of the trials for making fired 
bricks, SG1-8 and SG2-8 were used to blend with clay and shale to make green bricks. The clay 
and shale samples were provided by BP-1 as described in the previous section. The green bricks 
containing SG2-8 were fired successfully, however the fired bricks containing SG1-8 were not 
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compatible with the normal regular bricks. Therefore, additional tests were later conducted using 
the finer materials SG1-60 and SG1-100 for possible improvement in the final fired brick. 
The green brick formulations using two percentages of SG2-8 blended with clay and 
shale, and the regular brick (clay and shale) formulation of BP-1 are indicated in Table 3.9. The 
green brick formulations containing two levels of SG1-8 blended with clay and shale in the 
preliminary trials plus formulations using the finer SG1-60 and SG1-100 blended with clay, 
shale, and PFA-PP-1 are shown in Table 3.10. 
Table 3.9 Formulation of mold-pressed bricks that contained SG2-8. 
Brick ID 
Weight, wt-% 
clay Shale IGCC-P2 Slag 
Regular1 14 86 - 
ISGS 65-2 14 76 10 SG2-8 
ISGS 65-3 14 66 20 SG2-8 
1Regular brick formulation (ISGS 65-1). 
Table 3.10 Formulation of mold-pressed bricks that contained SG1-8, SG1-60, and SG1-
100. 
Brick ID 
Weight, wt-% 
clay Shale PFA-PP-1 IGCC-P1 Slag 
ISGS 51-1 14 76 - 10 SG1-8 
ISGS 51-2 14 66 - 20 SG1-8 
ISGS 51-3 14 76 - 10 SG1-60 
ISGS 51-4 14 66 - 20 SG1-60 
ISGS 51-5 14 76 - 10 SG1-100 
ISGS 51-6 14 66 - 20 SG1-100 
ISGS 51-7 14 56 20 10 SG1-8 
ISGS 51-8 14 46 20 20 SG1-8 
ISGS 51-9 14 56 20 10 SG1-60 
ISGS 51-10 14 46 20 20 SG1-60 
ISGS 51-11 14 56 20 10 SG1-100 
ISGS 51-12 14 46 20 20 SG1-100 
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All green bricks were successfully pressed with good appearance and firm body as shown 
in Figure 3.18. 
 
Figure 3.18 Regular green brick (REG) and green bricks that contained two 
percentages of SG1-8, SG1-60, SG1-100 and SG2-8 slag materials.  
3.2.4 Evaluation of Final Fired Bricks 
Physical Appearance 
To enable an evaluation of the physical appearance of the fired bricks, bricks from each 
batch were sawn in half to examine the inside and outside of the brick body. As indicated in 
Figure 3.19, with the exception of the fired bricks containing SG1-8 (see also Figures 3.20a and 
Figure 3.20b), all fired bricks containing slag materials SG2-8, SG1-60 and SG1-100 were 
comparable in color and physical appearance to the regular bricks (REG). These fired bricks had 
no scum, lime pops, cracks, red hearts or black hearts and were commercially acceptable based 
on BP-1’s in-plant evaluation. 
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Figure 3.19 Regular brick (REG) and bricks that contained two percentages of 
SG1-8, SG1-60, SG1-100, and SG2-8 after being sawn in half. 
The bricks that contained SG1-8 at 10 wt-% and 20 wt-% showed many small black 
glassy protuberances on the surfaces as shown in Figure 3.20 (a). Although the integrity of brick 
body was maintained, many black spherical particles were also embedded throughout the brick 
body [see Figure 3.20 (b)] and some closed channels developed around these black particles. The 
black particles are believed to be associated with the original slag particles of SG1-8. As noted, 
in Figures 3.11 and 3.12, the average particles size in SG1-8 was much coarser than that in SG2-
8; therefore, additional tests were conducted using the finer SG1-60 and SG1-100.  As with fired 
bricks containing SG2-8, the fired bricks containing SG1-60 and SG1-100 were comparable to 
the regular (REG) bricks in their color and physical appearance (Figure 3.19). 
 
  
 
 
53
 
Figure 3.20 Close up views (a) surfaces of the brick containing 20 wt-% SG1-8, 
and (b) a cross section of the same brick showing the inner body 
appearance. 
Engineering Properties 
The engineering properties tests were conducted on the final fired bricks according to 
ASTM C67 method. The apparent porosity and bulk density were also measured according to the 
ASTM C20 method. The results for the fired bricks containing SG2-8, including the regular 
brick, are listed in Table 3.11, and the results for the fired bricks containing SG1-60 and SG1-
100, including the regular brick, are listed in Table 3. 12. 
Table 3.11 Engineering properties of the final fired bricks. 
Brick ID Regular1 ISGS 65-2 ISGS 65-3 
Weight, wt-% clay 14 clay 14 clay 14 
shale 86 shale 76 shale 66 
  SG2-8 10 SG2-8 20 
24-hour cold water absorption, % 6.1 8.0 10.0 
5-hour boiling water absorption, % 8.3 11.4 14.7 
Saturation coefficient 0.74 0.70 0.68 
Compressive strength, psi 5,840 4,923 ND 
Freeze and thaw, cycle 50 50 50 
ASTM C62 grade SW SW SW 
Apparent porosity, % 14.8 18.3 21.6 
Bulk density, g/cm3 2.2 2.0 1.8 
1Regular brick (ISGS 65-1). SW: severe weathering grade; ND: not determined. 
(a) (b) 
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Table 3.12 Engineering properties of the final fired bricks. 
Brick ID Regular1 ISGS 51-3 ISGS 51-4 ISGS 51-5 ISGS 51-6 
Weight, wt-% clay 14 clay 14 clay 14 clay 14 clay 14 
shale 86 shale 76 shale 66 shale 76 shale 66 
  SG1-60 10 SG1-60 20 SG1-100 10 SG1-100 20 
24-hour cold water 
absorption, % 6.2 5.5 6.3 5.6 5.4 
5-hour boiling water 
absorption, % 8.3 8.3 11.7 8.5 9.9 
Saturation coefficient 0.74 0.66 0.54 0.66 0.55 
Compressive strength, psi 5,840 7,051 5,536 5,605 4,874 
Freeze and thaw, cycle 50 50 50 50 50 
ASTM C62 grade SW SW SW SW SW 
Apparent porosity, % 14.8 14.6 16.0 15.6 16.5 
Bulk density, g/cm3 2.2 2.0 1.9 2.0 1.9 
Brick ID Regular1 ISGS 51-9 ISGS 51-10 ISGS 51-11 ISGS 51-12 
Weight, wt-% clay 14 clay 14 clay 14 clay 14 clay 14 
shale 86 shale 56 shale 46 shale 56 shale 46 
  SG1-60 10 SG1-60 20 SG1-100 10 SG1-100 20 
  PFA-PP-1 20 PFA-PP-1 20 PFA-PP-1 20 PFA-PP-1 20 
24-hour cold water 
absorption, % 6.2 5.2 6.1 5.6 5.3 
5-hour boiling water 
absorption, % 8.3 7.4 10.2 8.6 7.9 
Saturation coefficient 0.74 0.71 0.60 0.65 0.68 
Compressive strength, psi 5,840 9,720 7,901 ND ND 
Freeze and thaw, cycle 50 50 50 50 50 
ASTM C62 grade SW SW SW SW SW 
Apparent porosity, % 14.8 15.7 16.0 15.3 15.9 
Bulk density, g/cm3 2.2 2.0 1.9 2.0 1.9 
1Regular brick (ISGS 65-1). SW: severe weathering grade; ND: not determined. 
As indicated in Tables 3.11 and 3.12, all the final fired bricks passed the freeze and thaw 
50-cycle resistance test. Also, with the exception of the bricks containing SG2-8, all the fired 
bricks met the ASTM C62 specified standard for 24-hour cold water absorption of less than 8 wt-
% for severe weathering grade; therefore, the tests for the 5-hour boiling water absorption and 
the saturation coefficient specifications were only necessary for the bricks containing SG2-8. 
Nevertheless, the tests for the 5-hour boiling water absorption and the saturation coefficient 
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calculations were conducted for all the bricks with all the data presented in Tables 3.11 and 3.12. 
As indicated in Table 3.11, the bricks containing SG2-8 met the specified standard for 5-hour 
boiling water absorption of less than 17 percent and the saturation coefficient specifications of 
0.78 for severe weathering grade. The compressive strength of the fired bricks decreased from 
5,840 psi to 4,923 psi as the amount of SG2-8 increased from 0 wt-% to 10 wt-%. So, the bricks 
that contained SG2-8 met the ASTM specification for compressive strength of greater than 3,000 
psi for building bricks of severe weathering grade. The overall results from the engineering 
properties tests indicated that all the fired bricks met the ASTM C62 standard specification for 
building brick of severe weathering grade. 
Apparent porosity, bulk density, and thermal conductivity – the changes of apparent 
porosity and bulk density of the fired bricks with respect to the amount of slag in the bricks are 
shown in Figure 3.21.  In general, as the amount of slag in brick increased, the apparent porosity 
of the brick increased, but the bulk density of the brick decreased. However, this increase in the 
apparent porosity and the decrease in the bulk density were more pronounced for the bricks that 
contained SG2-8 than the bricks that contained SG1-60 and SG1-100.  For example, as the 
amount of slag in the brick increased from 0 wt-% to 20 wt-%, the apparent porosity of the 
bricks that contained SG1-60 and SG1-100 increased from 14.6 to 16.5 percent, whereas, the 
apparent porosity of the bricks that contained SG-8 increased from 14.8 to 21.6 percent.  
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Figure 3.21 Changes of (a) apparent porosity, and (b) bulk density of the fired 
bricks with respect to slag content from 0 wt-% to 20 wt-%. 
The results of thermal conductivity measurement for the regular brick (0 wt-% slag) and 
the bricks containing 10 wt-% and 20 wt-% of the slag materials with and without fly ash PFA-
PP1 blends are shown in Figure 3.22. 
 
Figure 3.22 Thermal conductivities of the regular brick and bricks containing slag 
material in proportions of 10 wt-% and 20 wt-%. 
(a) (b) 
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As indicated in Figure 3.22, the thermal conductivity of the regular brick was 1.01 
W/m°K, and the bricks containing 10 wt-% of slag substitution had thermal conductivities 
ranging from 0.75 to 0.95 W/m°K, whereas, the bricks containing 20 wt-% of slag substitution 
had thermal conductivities ranging from 0.60 to 0.79 W/m°K. These data indicated that the 
bricks containing slag materials had thermal conductivities lower than that of the regular brick. 
Also, the bricks with greater amount of slag substitutions had lower thermal conductivities. This 
was supported by the trend observed for their apparent porosity and their bulk density discussed 
earlier. The greater the slag content of the brick, the greater the apparent porosity, and the lower 
the thermal conductivity. The lower the thermal conductivity of the bricks means the greater the 
heat insulation capability of the bricks. The results of thermal conductivity measurements 
indicated that the bricks containing slag materials had better heat insulation property than the 
regular bricks. 
3.2.5 Environmental Assessments 
The possible environmental impacts of using IGCC slag in fired bricks were studied. In 
addition to the regular fired brick containing no slag and fly ash materials, fired bricks containing 
20 wt-% of SG1-60, 10 wt-% of SG2-8, and 20 wt-% of SG2-8 were pulverized and subjected to 
the leaching extraction study by using the U.S. EPA Method 1320 [119] leaching extraction 
method (See Chapter 2). The pH values of the extracts and the concentrations of trace elements 
in the extracts and in the acidic water before extraction (specified as Blank in Table 3.13) were 
determined. Table 3.13 listed the results, including the available limits set by the U.S. EPA for 
certain elements in the extracts derived from similar solid-waste materials. 
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The results of the leaching study indicated that the pH of each pulverized brick extract 
was higher after the 24-hr agitation than that after the 1-hour agitation. Bricks that contained 
either SG1 or SG2 showed pH (4.08–4.37) similar to that of the regular brick (4.28). The 
concentrations of the elements of concern (those elements with U.S. EPA limits) in the extracts 
of the bricks that contained IGCC slag were well below the regulatory thresholds. Therefore, 
similar to the regular brick, the bricks that contained slag materials could be considered 
environmentally safe construction products. 
Table 3.13 Concentrations (mg/L) of elements in the extracts generated from simulated 
acidic rainwater extractions of samples of pulverized regular brick and 
pulverized bricks that contained IGCC slag. 
Brick Sample 
Elemental concentrations in the extracts, in mg/L (solid:acidic water = 1:20 by weight) 1-hr 
Al As B Ba Ca Cd Co Cr Cu Fe Ga Hg pH 
M1 (REG)1 0.83 <0.002 <0.02 0.118 60 <0.001 0.16 <0.006 0.16 45 0.014 <6E-6 3.48
20 wt-% SG1-60 0.93 <0.002 <0.02 0.075 71 <0.001 0.02 <0.006 0.24 54 0.012 <6E-6 3.30
10 wt-% SG2-8 1.50 <0.002 0.033 0.062 62 <0.001 0.14 <0.006 0.24 53 0.011 <6E-6 2.99
20 wt-% SG2-8 0.68 <0.002 0.130 0.052 51 <0.001 0.25 <0.006 0.29 42 0.010 <6E-6 3.37
Blank  <0.26 <0.008 <0.02 0.018 <0.21 <0.001 <0.004 <0.006 0.026 2.1 0.008 <6E-6 2.80
U.S. EPA limit - 5.0 - 100.0 - 1.0 - 5.0 - - - 0.2 - 
Brick Sample 
Elemental concentrations in the extracts, in mg/L (solid:acidic water = 1:20 by weight) 24-hr
K Li Mg Mn Na Ni Pb S Se Sr V Zn pH 
M1 (REG)1 7.5 0.068 4.0 1.5 4.4 0.12 <0.002 50 <0.002 0.014 <0.006 0.200 4.28
20 wt-% SG1-60 8.7 0.067 3.4 1.40 5.3 0.190 <0.002 58 0.0033 0.018 <0.006 0.260 4.08
10 wt-% SG2-8 6.5 0.057 4.5 0.86 3.5 0.079 <0.002 53 0.0032 0.017 <0.006 0.430 4.22
20 wt-% SG2-8 10.0 0.080 3.1 1.60 4.9 0.170 <0.002 47 0.0025 0.019 <0.006 0.280 4.37
Blank 4.3 0.021 0.18 <0.01 1.1 0.015 <0.022 36 <0.002 0.012 <0.006 0.024 2.82
U.S. EPA limit - - - - - 5.0 5.0 - 1.0 - - - - 
1REG: regular brick. Al: aluminum; As: arsenic; B: boron; Ba: barium; Ca: calcium; Cd: cadmium; Co: 
cobalt; Cr: chromium; Cu: copper; Fe: iron, Ga: gallium; Hg: mercury; K: potassium; Li: lithium; Mg: 
magnesium; Mn: manganese; Na: sodium; Ni: nickel; Pb: lead; S: sulfur; Se: selenium; Sr: strontium; V: 
vanadium; Zn: zinc; <6E-6: <0.000006 ppm, detection limit of Hg. 
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3.2.6 Economic Analysis 
The economic analysis was not performed in this case because scale-up 
production demonstration in making bricks containing IGCC slag has not yet been 
conducted. 
3.3 Spent Equilibrium Catalyst (S-E-CAT) and Bricks Containing S-E-CAT 
As mentioned in the Introduction 1.3 (p. 6–8), small quantities (5–40 lbs.) of two S-E-
CATs, identified as E-CAT-1 and E-CAT-2, received from an Illinois-based company (E-CAT-
P1), and another S-E-CAT, identified as E-CAT-3, received from a Texas-based company (E-
CAT-P2) were previously characterized [86, 87]. In the previous studies, full-size mold-pressed 
bricks containing up to 30 wt-% of the S-E-CAT materials were successfully prepared at the 
ISGS laboratory [87]. Also, the resulting fired bricks met the specification in ASTM C62 for 
water absorption properties by building bricks of either moderate or severe weathering grade 
[87]. The tests were, therefore, expanded to include two scaled-up production demonstrations at 
the commercial extrusion and firing facilities of the local brick plant, BP-1. 
A truck load of S-E-CAT from E-CAT-P1 was delivered to BP-1. This S-E-CAT, 
identified as E-CAT-4, was from the same source as E-CAT-1 and E-CAT-2, and was used for 
the scale-up test runs. Batches of 2,000 bricks each containing two different percentages of E-
CAT-4 were successfully produced [88]. In this study, photographic images, bulk densities, 
particle-size distributions, mineralogical properties, and thermal evolution characteristics of the 
E-CAT-1, E-CAT-2, E-CAT-3 and E-CAT-4 were analyzed, and additional engineering 
properties (compressive strength, freeze-thaw resistance, and thermal conductivity) of the mold-
pressed fired bricks [86, 87] were determined. In addition, a split of each of the three feed 
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materials from the three scale-up tests was used to produce full-size mold-pressed bricks at the 
ISGS Brick Laboratory, and the engineering properties of the fired bricks produced using either 
laboratory mold-pressing or plant facility scale-up extrusion were compared. 
3.3.1 Material Processing 
Because E-CAT-1, E-CAT-2, E-CAT-3, and E-CAT-4 materials were received in a form 
of fine powder and all particles passed through the 8-mesh (2,360 m) screen, no further 
grinding was necessary for these as-received S-E-CAT samples. Figure 3.23 shows images of E-
CAT-1, E-CAT-2, E-CAT-3, and E-CAT-4. They were gritty and sandy and generally light grey 
in color. 
 
Figure 3.23 As-received samples: (a) E-CAT-1, (b) E-CAT-2, (c) E-CAT-3, and 
(d) E-CAT-4. 
3.3.2 Material Characterizations 
Bulk Density 
The bulk densities of E-CAT-1, E-CAT-2, E-CAT-3, and E-CAT-4 fell within a narrow 
range of 0.82 g/cm3 (or 51.0 lb/ft3) to 0.85 g/cm3 (or 53.1 lb/ft3), which were lower than that of 
the clay [1.40 g/cm3 (87.4 lb/ft3)] and the shale [1.42 g/cm3 (88.7 lb/ft3)] that were used in the 
brick formulations.  
(a) (b) (c) (d) 
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Particle Size Distribution 
The particle size distribution and the cumulated particle size distribution of E-CAT-1, E-
CAT-2, E-CAT-3, and E-CAT-4 are shown in Figures 3.24, 3.25, 3.26, and 3.27, respectively. 
Particles of all four samples were less than 2,360 m (8 mesh) and the majority of the particles 
(E-CAT-1: 99.3 percent, E-CAT-2: 99.3 percent, E-CAT-3: 98.9 percent, and E-CAT-4: 98.5 
percent) showed a bell-shape distribution between about 20 µm to less than 250 µm. Such bell-
shape distribution peaked around 50 m for E-CAT-1 and E-CAT-2 samples, and around 100 
m for E-CAT-3 and E-CAT-4 samples. 
  
Figure 3.24 (a) Particle-size distribution and (b) accumulated particle-size 
distribution (% retained) of E-CAT-1 for fired-brick making. 
 
Figure 3.25 (a) Particle-size distribution and (b) accumulated particle-size 
distribution (% retained) of E-CAT-2 for fired-brick making. 
(b) 
(b) 
(a) 
(a) 
  
 
 
62
 
Figure 3.26 (a) Particle-size distribution and (b) accumulated particle-size 
distribution (% retained) of E-CAT-3 for fired-brick making. 
  
Figure 3.27 (a) Particle-size distribution and (b) accumulated particle-size 
distribution of E-CAT-4 for fired-brick making. 
Analyses of the particle-size distributions indicated that E-CAT-1 and E-CAT-2 were 
slightly finer than E-CAT-3 and E-CAT-4 samples, but all four samples had particles finer than 
2,360 m (8 mesh). 
Thermogravimetric Analysis (TGA) 
E-CAT-3 and E-CAT-4, which represented samples from two different sources, were 
analyzed by TGA. During TGA, each sample was heated from room temperature to 1050 °C at a 
(a) 
(a) 
(b)
(b) 
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rate of 30 °C/min under nitrogen atmosphere. The weight loss profile and its derivative (rate of 
weight loss) curve are shown in Figures 3.28 and 3.29 for E-CAT-3 and E-CAT-4, respectively. 
 
Figure 3.28 The weight loss profile of E-CAT-3 heated from room temperature to 
1030 °C. 
 
Figure 3.29 The weight loss profile of E-CAT-4 heated from room temperature to 
1030 °C. 
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As indicated in the Figures 3.28 and 3.29, the overall weight losses of E-CAT-3 and E-
CAT-4 were 3.6 percent and 3.7 percent, respectively. The overall weight losses observed in 
TGA were consistent with those obtained from the LOI analysis [87, 88]. The major weight loss 
for each E-CAT-3 and E-CAT-4 occurred below 300 °C and peaked at 81.4 and 84.2 °C, 
respectively, which was mainly attributed to the removal of free water and dehydration of 
mineral matter [79, 122]. With further heating of E-CAT-3 above 300 °C, small weight losses 
were observed at 466 and 498 °C, which might result from combustion of organic materials in 
the samples. With further heating of E-CAT-4 above 300 °C, small weight losses were observed 
at 936 and 1003 °C, which might result from recrystallization and phase transition of zeolites 
crystal structure [81, 122–124]. Overall, the E-CAT-3 and E-CAT-4 samples had less weight loss 
than did either the clay or shale used in making bricks. According to Chou et al. [88], the overall 
weight loss of the shale sample was 5.5 wt-% and for the clay sample it was 12.0 wt-%. Also, the 
major weight loss of the shale and clay samples occurred between 600 and 850 °C [32] (see 
Appendix B). Understanding the thermal evolution characteristics of the feed materials was 
sometimes helpful in designing the temperature program for successful brick firing. 
X-ray Diffraction (XRD) 
The X-ray diffractograms of E-CAT-1, E-CAT-2, E-CAT-3, and E-CAT-4 are shown in 
Figure 3.30. These data were collected and analyzed using Jade 9 software. The diffractograms 
of all four samples were similar, having distinguishable peaks of three crystalline phases: 
faujasite, corundum (Al2O3), and quartz (SiO2). Faujasite is a naturally occurring zeolite or 
synthetic zeolite [123, 124], which consists mainly of microporous aluminosilicate with various 
amounts of sodium, magnesium and calcium [Na2Ca(AlO2)2(SiO2)4H2O]. The E-CAT-3 was 
collected from one source, and the other three were collected from another source but during 
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different periods, all four samples showed little or no changes in their mineralogical 
compositions. 
 
Figure 3.30 X-ray diffractograms of ECAT-1, ECAT-2, ECAT-3, and ECAT-4. 
Scanning Electronic Microscopy (SEM) 
The SEM images of E-CAT-1, E-CAT-2, E-CAT-3, and E-CAT-4, are shown in Figures 
3.31, 3.32, 3.33, 3.34, respectively. Nearly all particles were spherical in shape with diameters 
generally mainly between 20 µm and less than 250 µm. These size observations were consistent 
with the results from the particle-size distribution analyses. Based on the EDS analyses 
conducted on the surfaces of various particles, these samples were composed primarily of silicon, 
aluminum, and oxygen, with lesser amounts of iron, carbon, and some other trace elements. A 
typical EDS trace for spot A identified in Figure 3.33, and spot B identified in Figure 3.34, are 
shown in Figure 3.35. 
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Figure 3.31 SEM images of E-CAT-1 at 100x (left), 1,000x (middle), and 3,000x 
(right) magnifications.  
 
Figure 3.32 SEM images of E-CAT-2 at 350x (left), 650x (middle), and 3,500x 
(right) magnifications. 
 
Figure 3.33 SEM images of E-CAT-3 at 100x (left), 650x (middle), and 3,000x 
(right) magnifications, and the locality of spot A identification. 
 
Figure 3.34 SEM images of E-CAT-4 at 100x (left), 500x (middle), and 1,000x 
(right) magnifications, and the locality of spot B identification. 
A 
B 
100x 1,000x 3,000x 
350x 
100x 
100x 
650x 
350x 
500x 
3,500x 
3,000x 
1,000x 
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Figure 3.35 Elemental compositions for spot A and spot B as identified in Figures 
3.33 and 3.34. 
Chemical Compositions 
The metal oxide composition and carbon content (measured as LOI) of each of the four 
S-E-CAT samples (E-CAT-1, E-CAT-2, E-CAT-3, and E-CAT-4) and the clay and shale sample 
reported previously [32, 87, 88] are compared in Table 3.14. The contents of 17 minor and trace 
elements, including sulfur and mercury, in the four S-E-CAT samples [87, 88] are compared in 
Table 3.15. As indicated in Table 3.14, the four S-E-CAT samples had lesser amounts of SiO2, 
Fe2O3, MgO, CaO, Na2O, K2O, and LOI, but greater amounts of Al2O3 than the clay and shale. 
The lesser amounts of LOI for the S-E-CAT materials indicated that the bricks containing S-E-
CAT materials would require less energy during firing. 
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Table 3.14 Comparing metal oxide composition (wt-%) and LOI (%) of the four E-CAT 
samples with that of the clay and shale samples. 
Raw Material SiO2 Al2O3 Fe2O3 
SiO2 + Al2O3 
+ Fe2O3 MgO CaO Na2O K2O LOI 
E-CAT-11 47.59 46.08 0.58 94.25 0.25 0.09 0.48 0.05 1.82 
E-CAT-21 45.88 44.10 0.61 90.59 0.25 0.08 0.44 0.06 1.85 
E-CAT-31 52.38 39.89 0.71 92.98 0.38 0.09 0.33 0.09 2.83 
E-CAT-42 49.71 42.16 0.79 92.66 0.14 0.07 0.35 0.10 3.43 
clay3 58.21 20.85 5.48 84.54 1.31 0.70 0.46 2.36 9.06 
shale3 59.87 17.98 6.74 84.59 1.82 0.71 5.44 2.97 7.28 
1See reference [87]. 2See reference [87]. 3See reference [32]. SiO2: silicon dioxide; Al2O3: aluminum oxide; 
Fe2O3: iron oxide; MgO: magnesium oxide; CaO: calcium oxide; Na2O: sodium oxide; K2O: potassium 
oxide; LOI: loss on ignition. 
Table 3.15 shows that the S-E-CAT samples had greater amounts of Ni (868–1,185 ppm) 
V (1,375–2,450 ppm), and Pb (29.6–59.3 ppm) than the clay and shale (Ni, 45–51 ppm; V, 111–
115 ppm; Pb, 17.8–23.0 ppm), but lesser amounts of B, Ba, Ca, Cr, Li, K, Na, Mg, and Mn, and 
much lesser amounts of S and Hg than the clay and shale (see Table 3.15). The addition of S-E-
CAT to the clay and shale for regular bricks could increase the amounts of Ni, V, and Pb content 
in the resulting bricks, but reduce the contents of other metal elements, especially sulfur and 
mercury. 
Table 3.15 Comparing elemental compositions of the four E-CAT samples with that of 
the clay and shale samples (in ppm or wt-% as specified). 
Raw 
Material 
As 
(ppm) 
B 
(ppm) 
Ba 
(ppm) 
Cd 
(ppm) 
Cr 
(ppm) 
Hg 
(ppm) 
Li 
(ppm) 
Mn 
(ppm) 
Ni 
(ppm) 
Pb 
(ppm) 
V 
(ppm) 
Zn 
(ppm) 
Ca 
(wt-%) 
K 
(wt-%) 
Na 
(wt-%) 
Mg 
(wt-%)
S 
(wt-%)
E-CAT-11 37.0 30 190 <0.02 39 <0.01 20.0 18 903 59.3 2,170 74 0.06 0.03 0.27 0.01 0.05 
E-CAT-21 163.0 <20 150 <0.02 64 <0.01 28.0 13 1,110 29.6 2,450 335 0.05 0.04 0.24 0.02 0.09 
E-CAT-31 5.0 <20 111 <1 26 <0.01 37.0 14 1,185 44.0 1,375 100 0.06 0.05 0.21 0.15 0.03 
E-CAT-42 1.8 <20 150 <0.02 65 <0.01 24.4 23 868 39.6 1,665 482 0.04 0.05 0.21 0.02 0.09 
clay3 16.0 114 470 <1 102 0.06 125 752 51 23.0 115 59 1.43 1.85 0.45 0.90 0.27 
shale3 4.7 ND 500 <1 57 0.02 66 644 45 17.8 111 97 0.49 2.38 0.72 1.09 0.23 
1See reference [87]. 2See reference [87]. 3See reference [32]. ND: not determined. As: arsenic; B: boron; 
Ba: barium; Ca: calcium; Cd: cadmium; Cr: chromium; Li: lithium; Ni: nickel; V: vanadium; Pb: lead; K: 
potassium; Na: sodium; Mg: magnesium; Mn: manganese; Zn: zinc; S: sulfur; Hg: mercury. 
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3.3.3 Evaluations of Final Fired Bricks Containing E-CAT-1, E-CAT-2, and E-CAT-3 
In this study, mold-pressed bricks that were produced previously [87] were analyzed for 
their compressive strength, freeze-thaw resistance, and thermal conductivity properties. 
Compressive strength and freeze and thaw resistance cycle – The results of compressive 
strength and freeze-thaw resistance cycle tests for bricks containing E-CAT-2 and E-CAT-3, and 
for bricks containing E-CAT-1 are listed in Table 3.16 and Table 3.17, respectively. 
Table 3.16 Compressive strength and freeze and thaw resistance cycle for the regular 
brick and the bricks containing 10 or 20 wt-% of either E-CAT-2 or E-CAT-3. 
Brick ID Regular1 ISGS 50-1 ISGS 50-2 ISGS 50-3 ISGS 35-2 
Weight, wt-% clay 14 clay 14 clay 14 clay 28 clay 14
shale 86 shale 76 shale 66 shale 52 shale 66
  E-CAT-3 10 E-CAT-3 20 E-CAT-3 20 E-CAT-2 20
Compressive 
strength, psi 8,059 6,003 4,899 4,375 6,847 
Freeze and thaw, cycle 50 50 50 50 50 
ASTM C62 grade SW SW SW SW SW 
Apparent porosity, % 16.8 20.3 26.7 26.5 30.7 
Bulk density, g/cm3 2.2 2.1 1.9 1.9 1.9 
1Regular brick (ISGS 35-1). SW: severe weathering grade. 
Table 3.17 Compressive strength and freeze and thaw resistance cycle for the regular 
brick and the bricks containing 15 or 25 or 30 wt-% of E-CAT-1. 
Brick ID Regular1 ISGS 47-2 ISGS 47-3 ISGS 47-4 
Weight, wt-% clay 15 Clay 15 Clay 15 clay 15 
shale 85 Shale 70 Shale 60 shale 55 
  E-CAT-1 15 E-CAT-1 25 E-CAT-1 30 
Compressive 
strength, psi 8,798 7,014 5,074 4,464 
Freeze and thaw, cycle 50 50 28 22 
ASTM C62 grade SW SW MW-SW2 MW-SW2
Apparent porosity, % 16.5 26.5 30.8 33.1 
Bulk density, g/cm3 2.2 1.9 1.8 1.8 
1Regular brick (ISGS 35-1). 2Compressive strength met SW, but water absorption properties met MW [88], 
and did not pass freeze and thaw 50-cycle test. SW: serve weathering grade; MW: moderate weathering 
grade. 
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As indicated in Table 3.16 and Table 3.17, the regular bricks had compressive strengths 
between 8,059–8,798 psi. This value decreased to 6,003–7,014 psi for bricks containing 10–15 
wt-% S-E-CAT, to 4,899–5,074 psi for bricks containing 20–25 wt-% S-E-CAT, and decreased 
further to 4,464 psi for bricks containing 30 wt-% S-E-CAT. Although the compressive 
strengths, in general, decreased as the input of S-E-CAT in brick increased (also see Figure 
3.36b), all brick samples had compressive strength greater than 3,000 psi and met the ASTM 
C62 standard specification for building brick for severe weathering grade. The results of freeze 
and thaw resistance tests indicated that fired bricks containing less than 20 wt-% of S-E-CAT 
passed 50 cycles, but the bricks containing S-E-CAT at 25–30 wt-% lasted only about 22–28 
cycles. According to Chou et al. [87], the water absorption properties of the bricks containing S-
E-CAT at 25–30 wt-% level met ASTM C62 standard specification for building brick for 
moderate weathering grade. 
The cold water absorption data from a previous study [87] and the compressive strength 
data from this study were graphed with respect to the input amount of S-E-CAT in Figure 3.36. 
As the input of S-E-CAT increased from 0 wt-% to 30 wt-%, the cold water absorption increased 
with a coefficient of determination R2 value of 0.94, whereas, the compressive strength of the 
bricks decreased with a coefficient of determination R2 value of about 0.70.  
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Figure 3.36 (a) Cold water absorption, and (b) compressive strength of the fired 
bricks containing 0 wt-% to 30 wt-% of S-E-CAT. 
Apparent porosity, bulk density, and thermal conductivity – the changes of apparent 
porosity and bulk density of the fired bricks with respect to input amounts of S-E-CAT in bricks 
from 0 wt-% to 30 wt-% are shown in Figure 3.37. As the input amount of S-E-CAT in brick 
increased from 0 wt-% and to 30 wt-%, the apparent porosity of the bricks increased from 16.5 
percent to 33.1 percent, with a coefficient of determination R2 value of 0.94, whereas, the 
opposite trend was observed for the bulk density. The bulk density of the bricks decreased from 
2.2 g/cm3 to 1.8–1.9 g/cm3 with a coefficient of determination R2 value of 0.94. 
   
Figure 3.37 (a) Apparent porosity, and (b) bulk density of the fired bricks containing 0 
wt-% to 30 wt-% of S-E-CAT. 
(a) (b) 
(a) (b) 
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The thermal conductivities of the fired bricks containing S-E-CAT at 15 wt-%, 20 wt-%, 
and 30 wt-% were analyzed and compared with that of the regular fired brick (Figure 3.38). The 
thermal conductivity of the fired brick containing 15 wt-% of E-CAT-1, 20 wt-% of E-CAT-3, 
and 30 wt-% of E-CAT-1 was 82 percent, 58 percent, and 36 percent of that of the regular brick. 
The results indicated that thermal conductivity of the bricks decreased as the amount of added S-
E-CAT increased, or that fired bricks containing S-E-CAT had better heat insulation properties 
than the regular fired bricks. 
 
Figure 3.38 Thermal conductivities of the regular brick and the bricks with S-E-
CAT at 15 wt-%, 20 wt-% and 30 wt-%. 
This and previous studies of mold-pressed bricks showed that S-E-CAT could serve 
successfully as a raw ingredient that could be blended with clay and shale to make high quality 
fired construction bricks. A scale-up production demonstration using E-CAT-4 was then 
performed. 
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3.3.4 Green Brick Formulations and Bricks containing E-CAT-4 
Two scale-up production demonstration runs (S-RUN-2 and S-RUN-3) using a truck load 
of E-CAT-4 (see Section 1.3), plus a run of regular bricks (S-RUN-1) with no E-CAT-4, were 
performed at the extrusion and firing facilities of BP-1. Also, a split of the feed material from 
each of the two scale-up test runs and the regular brick run were collected and used to make full-
size mold-pressed bricks at the ISGS Brick Laboratory. The brick formulations and brick IDs for 
the three scale-up runs (S1, S6, and S7) and the three mold-pressed runs (M1, M6, and M7) are 
indicated in Table 3.18. 
Table 3.18 Formulation in v-% (ratio) and brick ID for the scale-up demonstration runs 
and the mold-pressed runs. 
Scale-up 
Run 
Brick 
ID 
Mold-pressed 
Run 
Brick 
ID 
Volume, v-% (ratio) 
clay shale E-CAT-4 
S-RUN-1 S11 M-RUN-1 M11 14.3 (1) 85.7 (6) 0.0 (0) 
S-RUN-2 S6 M-RUN-2 M6 14.3 (1) 71.4 (5) 14.3 (1) 
S-RUN-3 S7 M-RUN-3 M7 14.3 (1) 57.1 (4) 28.6 (2) 
1Regular brick formulation. 
Mold-pressed bricks from M-RUN-1, M-RUN-2, and M-RUN-3 were fired using the 
ISGS kiln. Each scale-up run produced extruded 2,000 green bricks per batch. The dried green 
bricks were fired using a commercial kiln at BP-1 (see plant cored-brick firing in Chapter 2). 
3.3.5 Evaluation of Final Fired Bricks 
The physical appearance and the engineering properties of the laboratory mold-pressed 
fired bricks and the plant-extruded fired bricks were evaluated and compared.  
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Physical Appearance 
As shown in Figure 3.39, although the fired bricks produced with inputs of S-E-CAT had 
a slightly lighter red color, all the fired bricks from the scale-up production demonstration (S1, 
S6, and S7) and the laboratory mold-pressing (M1, M6, and M7) had commercially acceptable 
red color. Also, all the fired bricks had good physical appearance with no scum, lime pops, 
bloating, cracks, black hearts or red hearts. 
 
Figure 3.39 Full-size mold-pressed bricks (left) and extruded bricks (right) from 
each batch after being sawn in half. 
Engineering Properties 
As indicated in Table 3.19, the fired bricks containing E-CAT-4 at 14.3 v-% (S6 ) and at 
28.6 v-% (S7) had much lower cold water absorption capacity (1.1 percent for S6 and 1.5 percent 
for S7) than that of the regular brick (2.6 percent) containing no E-CAT-4 (S1). Also, the 
compressive strengths of S6 (19,461 psi) and S7 (18,163 psi) were slightly lower than that of the 
regular brick S1 (20,085 psi). However, all the fired bricks from scale-up production 
demonstration runs had cold water absorption capacity of less than 8 percent, passed the 50-cycle 
M1 M6 M7 S1 S6 S7
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freeze-and-thaw resistance test, and had compressive strengths greater than 3,000 psi. All met the 
ASTM specification for severe weathering grade. 
The engineering properties of the fired bricks from laboratory mold-pressing (M1, M6, 
and M7) were determined and indicated in Table 3.19 as well. The fired brick containing E-
CAT-4 at 14.3 v-% (M6) and at 28.6 v-% (M7) had greater cold water absorption capacity (8.2 
percent for M6 and 13.1 percent for M7) than that (5.1 percent) of the regular brick (5.1 percent) 
containing no E-CAT-4 (M1). Also, the compressive strengths of M6 (5,464 psi) and M7 (4,383 
psi) were lower than that of the regular brick (7,148 psi). With the exception of the water 
absorption capacity and the freeze-and-thaw resistance cycle of M7, the compressive strength of 
M7 and all the engineering properties of M6 and M7 met the ASTM specification for severe 
weathering grade. 
As mentioned before, the same feed materials were used to produce both the scale-up 
production bricks and the mold-pressed fired bricks at the ISGS laboratory. The purpose was to 
make a comparison on the engineering properties of the mold-pressed and the extruded final 
fired bricks. As indicated in Table 3.19, the extruded bricks (S1, S6, and S7) had less water 
absorption capacity (1.1 percent to 2.6 percent) than the mold-pressed bricks (M1, M6, and M7) 
(5.1 percent to 13.1 percent), and much greater compressive strength (>18,000 psi) than the 
mold-pressed bricks (<7,200 psi). These phenomena were expected because the extrusion 
method produces denser and harder green bricks than is possible in the mold-pressing method.
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Table 3.19 Comparison of the engineering properties of fired mold-pressed bricks (M1, 
M6, and M7) and fired extruded scale-up bricks (S1, S6, and S7). 
Volume, v-% (ratio) clay 14.3 (1) Clay 14.3 (1) clay 14.3 (1) 
shale 85.7 (6) Shale 72.4 (5) shale 57.1 (4) 
E-CAT-4          0 E-CAT-4 14.3 (1) E-CAT-4 28.6 (2) 
Brick ID M1 S1 M6 S6 M7 S7 
24-hour cold water  
absorption, % 5.1 2.6 8.2 1.1 13.1 1.5 
5-hour boiling water 
absorption, % 7.4 3.4 10.4 2.4 15.6 1.9 
Saturation coefficient 0.69 0.76 0.79 0.47 0.84 0.51 
Compressive 
strength, psi 7,148 20,085
 5,468 19,461 4,383 18,163 
Freeze and thaw, 
cycle 50 50 50 50 38 50 
ASTM C62 grade SW SW SW SW MW-SW1 SW 
Apparent porosity, % 16.3 10.7 24.5 11.2 29.8 12.0 
Bulk density, g/cm3 2.1 2.3 1.9 2.3 1.8 2.2 
1Compressive strength met SW, but water absorption properties met MW, and did not pass freeze and thaw 
50-cycle test. SW: severe weathering grade; MW: moderate weathering grade. 
Apparent porosity, bulk density and thermal conductivity – The apparent porosity and 
bulk density data of both mold-pressed and scale-up extruded bricks are listed in Table 3.19. 
Thermal conductivity measurement was conducted on these scale-up fired bricks. The thermal 
conductivity of S6 brick was 1.18 W/m°K and that of the S7 brick was 1.03 W/m°K, both were 
slightly lower than that of S1 regular brick (1.22 W/m°K). As mentioned before, the lower the 
thermal conductivity of the bricks the better their heat insulating ability. The results indicated 
that fired bricks containing S-E-CAT from the scale-up production demonstration, similar to the 
mold-pressed bricks (shown in Figure 3.38), had better heat insulation properties than the regular 
bricks containing only clay and shale. The observations were supported by the results from the 
apparent porosity and bulk density tests. 
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3.3.6 Environmental Assessments 
To study the possible environmental impact of using these fired bricks containing S-E-
CAT, pulverized final fired brick samples of S1, S6, and S7 were subjected to a leaching study 
using simulated acidic rainwater according to the U.S. EPA Method 1320 [119] (see Chapter 2). 
Brick sample extracts including one blank with no added pulverized brick, were analyzed for 
their elemental concentrations. The pH values of the extracts and the concentrations of 24 
elements in the extracts and the blank are listed in Table 3.20. The regulatory threshold 
concentration for As, Ba, Cd, Cr, Hg, Ni, Pb, and Se [120] are also listed Table 3.20.  
Table 3.20 Concentrations (mg/L) of elements in the extracts generated from simulated 
acidic rainwater extractions of samples of pulverized regular brick (S1) and 
pulverized bricks that contained E-CAT-4 (S6, and S7). 
Brick 
Sample 
Elemental concentrations in the extracts, in mg/L (solid:acidic water = 1:20 by weight) 1-hr 
Al As B Ba Ca Cd Co Cr Cu Fe Ga Hg pH 
S1 (REG)1 0.43 <0.002 <0.02 0.065 66 <0.001 0.019 <0.006 0.17 34 0.011 <6E-6 3.46 
S6 0.53 <0.002 <0.02 0.055 77 <0.001 0.017 <0.006 0.13 30 0.026 <6E-6 3.05 
S7 0.29 <0.002 <0.02 0.057 76 <0.001 0.019 <0.006 0.054 29 0.027 <6E-6 3.71 
Blank  <0.26 <0.008 <0.02 0.018 <0.21 <0.001 <0.004 <0.006 0.026 2.1 0.008 <6E-6 2.80 
EPA limit - 5.0 - 100.0 - 1.0 - 5.0 - - - 0.2 - 
Brick 
Sample 
Elemental concentrations in the extracts, in mg/L (solid:acidic water = 1:20 by weight) 24-hr 
K Li Mg Mn Na Ni Pb S Se Sr V Zn pH 
S1 (REG)1 5.6 0.056 9.7 1.8 3.7 0.150 <0.002 54 <0.002 0.130 <0.006 0.091 4.38 
S6 5.8 0.056 12.0 1.5 3.9 0.120 <0.002 55 <0.002 0.160 <0.006 0.054 4.60 
S7 6.6 0.063 12.0 1.9 4.7 0.130 <0.002 54 <0.002 0.160 <0.006 0.044 4.70 
Blank 4.3 0.021 0.18 <0.01 1.1 0.015 <0.022 36 <0.002 0.012 <0.006 0.024 2.82 
EPA limit - - - - - 5.0 5.0 - 1.0 - - - - 
1REG: regular brick. Al: aluminum; As: arsenic; B: boron; Ba: barium; Ca: calcium; Cd: cadmium; Co: 
cobalt; Cr: chromium; Cu: copper; Fe: iron, Ga: gallium; Hg: mercury; K: potassium; Li: lithium; Mg: 
magnesium; Mn: manganese; Na: sodium; Ni: nickel; Pb: lead; S: sulfur; Se: selenium; Sr: strontium; V: 
vanadium; Zn: zinc; <6E-6: <0.000006 ppm, detection limit of Hg. 
As indicated in Table 3.20, pH of each pulverized brick sample extract was higher after 
the 24-hr agitation than that after 1-hour agitation. The 24-hr agitated extract of brick containing 
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14.3 v-% and 28.6 v-% of E-CAT-4 had slightly higher pH (4.60, and 4.70, respectively) than 
that of the regular brick (4.38). Also, shown in Table 3.20, the concentrations of the elements of 
concern (having available U.S. EPA limits) in the extracts of these brick samples were well 
below the regulatory thresholds, which indicated that the fired bricks containing 14.3 v-% (13.5 
wt-%) and 28.6 v-% (27.2 wt-%) E-CAT-4, as well as the regular brick, could be considered 
environmentally safe construction products. 
3.3.7 Economic Analysis 
This study successfully demonstrated the use of S-E-CAT to blend with clay and shale to 
produce quality fired bricks containing either 14.3 v-% (13.5 wt-%) or 28.6 v-% (27.2 wt-%) of 
S-E-CAT. If it is economically beneficial, BP-1 would be interested in using the S-E-CAT from 
E-CAT-P1 to produce their fired bricks commercially. A brief economic analysis was performed. 
In this case, the supplier of E-CAT-P1 is currently recovering metals from the S-E-CAT received 
from oil refineries, and the amount of rejected S-E-CAT is about 6 tons per day, or 
approximately 2,160 ሺ=6×360ሻ tons per year. To dispose of the S-E-CAT materials to landfills, 
an additional cost of $35/ton applies [125]. Currently, these S-E-CAT materials are shipped to 
cement companies as low-value filler. In making fired bricks, because the existing machinery at 
the BP-1 could be used with no additional required capital cost, the economic analysis was based 
on the plant production cost comparison between producing regular brick and producing bricks 
containing S-E-CAT from E-CAT-P1. 
As mentioned, the production capacity of BP-1 is 12 million bricks per year, and one 
regular brick is about 4.25 pounds. Therefore, BP-1 would require 25,500 tons of clay and shale 
raw materials per year for its regular brick production. According to BP-1, the cost of mining 
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those amounts of clay and shale for its annual production was $143,000. Grinding and processing 
added another $75,000 per year. 
BP-1 has its own clay and shale mines on-site; therefore, no shipping cost is involved in 
producing regular fired bricks. There would be additional consideration on possible material cost 
and shipping cost for BP-1 to use these S-E-CAT materials. The distance between BP-1 and E-
CAT-P1 is 96 miles. The shipping cost estimated was at $12.48 per ton [126]. Based on different 
cases of material cost and shipping cost considerations, the annual production cost savings for 
BP-1 were calculated as follow: 
1. S-E-CAT would be provided and shipped to BP-1 at no cost to BP-1. 
In the case of producing bricks with 13.5 wt-% S-E-CAT (S6), 3,443 tons of S-E-
CAT would be required to replace the same amount of shale. To produce bricks 
containing 27.2 wt-% S-E-CAT (S7) would require 6,886 tons of E-CAT-4. However, 
E-CAT-P1 could provide only 2,160 tons of S-E-CAT annually. The annual cost 
savings on mining in both cases is estimated to be $12,113 (=$143,000×2,160/25,500) 
per year. Because S-E-CAT does not require further grinding, the additional cost 
saving on grinding would be $6,353 (=$75,000×2,160/25,500) per year. Thus, the 
total saving from mining and grinding would be $18,466 per year. 
2. S-E-CAT would be provided to BP-1 at no cost to BP-1, but BP-1 would share half of 
the shipping cost (0.5×$12.48 per ton=$6.24 per ton). 
In this case, BP-1 would pay shipping cost of $13,478 (=$6.24×2,160 ton). Thus the 
annual net saving at BP-1 would be $4,988 ($18,466-$13,478) for producing bricks 
containing S-E-CAT. 
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3. S-E-CAT would be provided to BP-1, but BP-1 would pay the total shipping cost at 
$12.48 per ton. 
The estimated annual shipping cost would be $26,957 (=$12.48×2,160 ton) for BP-1 
in producing bricks containing S-E-CAT. As a result, there would be no savings but 
an additional annual cost of $8,491(ൌ$18,466-$26,957). 
Overall, from the economic standpoint, BP-1 could benefit from using S-E-CAT 
materials only if there would be no material cost and shipping cost or perhaps only half of the 
shipping cost (cases 1 and 2) to BP-1. In these cases, BP-1 could save $4,988 (2.3%) to $18,466 
(8.5%) per year by producing bricks containing S-E-CAT. 
3.4 Biodiesel Filtration Waste and Bricks Containing Biodiesel Filtration Waste 
3.4.1 Material Processing 
Biodiesel filtration waste materials were obtained from two biodiesel plants, Bio-P1 and 
Bio-P2. One material was damp and oily with a strong odor and yellowish in color. The other 
was dark brown in color but was not oily. Both materials were primarily filtration adsorbents that 
were saturated with rejected grease materials from filtration, as described in Chapter 1.4. After 
drying in room air for a week, the waste from Bio-P1 was identified as BW1, and the waste from 
Bio-P2 was identified as BW2. BW1 was a clay-based adsorbent and BW2 was diatomite with 
silica-based adsorbent. Both had high Btu value, 6,986 Btu/lb for BW1 and 9,386 Btu/lb for 
BW2, compared to an average of 6,100 Btu/lb for lignite coal and 8,637 Btu/lb for methanol. 
BP-1 is interested in using BW1 and BW2 as a fuel source to blend with coal for brick 
firing. For this reason, this research focused on brick testing using waste materials before 
combustion (BW1 and BW2) and then after combustion by heating to 1000 °C under air for 1 
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hour. In addition to BW1 and BW2, the combusted residues, identified as BW1A and BW2A, 
were also characterized and evaluated for making fired bricks. 
The images of BW1, BW1A, BW2, and BW2A are shown in Figure 3.40. BW1A was an 
orange powder and BW2A was a fine white powder. The BW1, BW2, BW1A, and BW2A 
materials all passed through an 8-mesh screen, thus, no further grinding of these materials was 
required. 
  
Figure 3.40 As-received (a) BW1 and (b) BW2 samples and their ashed samples 
(c) BW1A, and (d) BW2A.  
(a) (b) 
(c) (d) 
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3.4.2 Material Characterizations 
Bulk Density 
The bulk densities of BW1, BW2, BW1A, and BW2A were measured and compared with 
that of the clay and shale. BW1 and BW2 had bulk densities of 0.80 g/cm3 (47.5 lb/ft3) and 0.60 
g/cm3 [(37.5 (lb/ft3)], respectively, which were about half that of clay [1.40 g/cm3 (87.4 (lb/ft3)] 
and shale [1.42 g/cm3 (88.7 (lb/ft3)]. BW1A and BW2A had bulk densities of 0.54 g/cm3 (33.7 
lb/ft3) and 0.38 g/cm3 (23.7 lb/ft3), respectively, which were much less than half that of clay and 
shale. 
Particle-Size Distribution 
Particle-size distribution for BW1, BW2, BW1A, and BW2A was not determined 
because not all the materials were in a dry, non-greasy form. Nevertheless, all these materials 
passed through an 8-mesh (2,360 µm) screen. 
Thermogravimetric Analysis (TGA) 
The weight-loss profiles of BW1, BW1A, BW2, and BW2A when heated from room 
temperature to 900 °C under air are shown in Figures 3.41, 3.42, 3.43, and 3.44, respectively. 
The total weight losses of BW1 and BW2 were about 58 percent, and 64 percent, respectively. 
The rate-of-weight-loss profile of BW2 was not shown in Figure 3.43, but was very similar to 
that of BW1 shown in Figure 3.41. The total weight losses of BW1A and BW2A were 0.22 
percent and 0.31 percent, respectively, which indicated nearly all combustible substances had 
been combusted during the previous combustion process. 
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Figure 3.41 The weight-loss profile of BW1 heated from room temperature to 900 
°C. 
 
Figure 3.42 The weight-loss profile of BW1A heated from room temperature to 
900 °C. 
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As shown in Figure 3.41, the moisture loss for BW1 peaked at 74.2 °C. The rapid weight 
loss, which began after moisture losses, started at approximately 200 °C and continued about to 
600 °C. There were three distinguished weight losses between 200 and 600 °C, which equaled 51 
percent of the total sample weight. These weight losses peaked at 258.0 °C, 357.6 °C, and 
472.4 °C, respectively. 
The TGA analysis showed that more than half of BW1 and BW2 were combustible 
materials. The TGA results also suggested that the filter cake materials might contain organic 
components such as fatty acids in addition to soaps and glycerol with different degrees of 
volatilities. For example, fatty acids with different carbon chain lengths, such as lauric acid, 
myristic acid, palmitic acid, stearic acid, oleic acid, and linoleic acid are common components 
that exist in animal and plant oils [100, 102, 103]. Further heating from 600 to 900 °C showed up 
to an additional 1.5 percent weight loss, which could be due to the release of CO2 from the 
decomposition of calcite (CaCO3). 
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Figure 3.43 The weight-loss profile of BW2 heated from room temperature to 900 
°C. 
 
Figure 3.44 The weight loss profile of BW2A heated from room temperature to 
900 °C. 
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X-ray Diffraction (XRD) 
The X-ray diffractograms of BW1, BW2, BW1A, and BW2A are shown in Figure 3.45. 
The diffractogram for BW1 was similar to that of its ashed counterpart, BW1A, with 
distinguishable peaks from cristobalite and corundum, crystalline forms of silicon dioxide (SiO2) 
and aluminum oxide (Al2O3), with other distinguishable peaks of quartz (SiO2), calcite (CaCO3), 
and plagioclase feldspar (P-F) – mainly aluminosilicates. The intensity of the cristobalite peak 
was slightly enhanced in the ashed sample of BW1A. 
The similarity of crystalline phases was also observed between BW2 and BW2A, but the 
intensity of the cristobalite (SiO2) peak was significantly increased in the ashed sample of 
BW2A. For BW2, the most predominant peaks were from corundum (Al2O3), then cristobalite 
(SiO2), and then calcite (CaCO3). 
 
Figure 3.45 X-ray diffractograms of BW1, BW2, BW1A, and BW2A. 
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Scanning Electronic Microscopy (SEM) and Energy Dispersive Spectrum (EDS) 
The SEM Image and an EDS spectrum from one surface point of BW1 sample are shown 
in Figure 3.46 and for BW1A in Figure 3.47. These images showed no well-defined particle sizes 
and shapes for the samples. The BW1 image showed a layer of spongy grease-like coating (high 
in carbon content, as shown in the EDS spectrum) on the surface of all particles (Figure 3.46). 
After this spongy grease-like material had been combusted, the resulted residue (BW1A sample) 
showed silicon (Si) and oxygen (O) contents, as shown in the EDS spectrum (Figure 3.47). 
   
Figure 3.46 SEM images of BW1 at 350x magnification (left), and the elemental 
compositions of spot A by EDS analysis (right). 
   
Figure 3.47 SEM images of BW1A at 1,000x magnification (left), and the 
elemental compositions of spot B by EDS analysis (right). 
B 
A 
350x 
1,000x 
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The images of BW2 and BW2A samples in Figures 3.48 and 3.49 showed slightly 
defined particle sizes and shapes. The image of BW2A showed particles in irregular shapes, with 
size ranging from several µm to 50 µm. Similarly, high carbon content was seen in the EDS 
spectrum of BW2 and, after combustion, the resulting residue (BW2A sample), was high in 
silicon (Si) and oxygen (O). 
   
Figure 3.48 SEM images of BW2 at 1,000x magnification (left), and the 
elemental compositions of spot C by EDS analysis (right). 
   
Figure 3.49 SEM images of BW2A at 1,000x magnifications (left), and the 
elemental compositions of spot D by EDS analysis (right).  
C 
D 
1,000x 
1,000x 
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Chemical Analyses 
The chemical composition reported as oxide in wt-%, and the carbon contents measured 
as loss-on-ignition (LOI) of BW1, BW2, BW1A, and BW2A, are shown in Table 3.21. Chemical 
compositions of clay, and shale used in this study have been reported previously, but were also 
included in Table 3.21 for comparison. In general, the BW1, BW2, BW1A, BW2A samples had 
low Al2O3 (0.21–9.45 wt-%) and Fe2O3 (0.94–3.66 wt-%) content compared to the Al2O3 (17.98–
20.85 wt-%) and Fe2O3 (5.48–6.74 wt-%) content of the clay, and shale. However, the SiO2 
content in BW1A (75.15 wt-%) and in BW2A (83.67 wt-%) were greater than that of the clay, 
and shale (58.21–59.87 wt-%). The amount of CaO was greatest in BW1 A and BW2A (1.15–
1.11 wt-%), intermediate in clay and shale (0.70–0.71 wt-%), and lowest in BW1 and BW2 
(0.39–0.55 wt-%). 
Table 3.21 Metal oxide composition (wt-%) and LOI (%) of BW1, BW1A, BW2, BW2A, 
clay and shale samples. 
Raw Material SiO2  Al2O3 Fe2O3 
SiO2 + Al2O3 
+ Fe2O3 MgO CaO Na2O K2O LOI 
BW1 35.94 4.52 1.75 42.21 2.07 0.55 1.57 0.41 51.55
BW1A 75.15 9.45 3.66 88.26 4.33 1.15 3.29 0.85 0.73
BW2 29.84 0.21 0.14 30.19 0.08 0.39 1.70 0.18 64.30
BW2A 83.67 0.67 0.94 85.28 0.23 1.10 4.85 0.49 0.09
clay1 58.21 20.85 5.48 84.54 1.31 0.70 0.46 2.36 9.06
shale1 59.87 17.98 6.74 84.59 1.82 0.71 5.44 2.97 7.28
1See reference [32]. SiO2: silicon dioxide; Al2O3: aluminum oxide; Fe2O3: iron oxide; MgO: magnesium 
oxide; CaO: calcium oxide; Na2O: sodium oxide; K2O: potassium oxide; LOI: loss on ignition. 
The LOI value was about 51.6 percent and 63.5 percent for BW1 and BW2 respectively, 
which indicated that more than half of both BW1 and BW2 materials was combustible. As 
mentioned, both BW1 and BW2 had high Btu value, 6,986 Btu/lb for BW1 and 9,386 Btu/lb for 
BW2 and BP-1 is interested in using BW1 and BW2 as a fuel source to blend with coal for firing 
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at their brick plant. For this reason, this research also focused on making test brick testing by 
incorporating the ashed materials, BW1A and BW2A. 
The minor and trace elemental concentrations of these samples are listed in Table 3.22. 
Because of the loss of organic matter, the elemental contents in BW1A and BW2A were 
increased compared with their uncombusted parent materials. However, in general, the elemental 
contents of BW1, BW2, BW1A and BW2A were close to or lower than those in the clay and 
shale. 
Table 3.22 Concentrations of elements in BW1, BW1A, BW2, BW2A, clay, and shale, 
samples (in ppm or wt-% as specified). 
Raw 
Material 
As 
(ppm) 
B 
(ppm) 
Ba 
(ppm) 
Cd 
(ppm) 
Cr 
(ppm) 
Hg 
(ppm)
Li 
(ppm)
Mn 
(ppm)
Ni 
(ppm)
Pb 
(ppm)
V 
(ppm)
Zn 
(ppm)
Ca 
(wt-%) 
K 
(wt-%) 
Na 
(wt-%) 
Mg 
(wt-%)
S 
(wt-%)
BW1 3.7 <20 81 0.08 37 0.01 10 174 11 4.4 65 105 0.40 0.32 1.15 1.15 0.04 
BW1A 7.8 <20 170 0.16 78 0.02 21 364 23 9.2 137 220 0.84 0.66 2.41 2.40 0.09 
BW2 2.1 <20 20 0.03 4 <0.01 1 21 2 0.9 4 19 0.29 0.14 1.28 0.04 0.05 
BW2A 3.1 <20 50 0.10 12 <0.01 7 57 8 10.3 11 80 0.82 0.37 3.50 0.10 0.01 
clay1 16.0 114 470 <1 102 0.06 125 752 51 23.0 115 59 1.43 1.85 0.45 0.90 0.27 
shale1 4.7 ND 500 <1 57 0.02 66 644 45 17.8 111 97 0.49 2.38 0.72 1.09 0.23 
1See reference [32]. ND: not determined. As: arsenic; B: boron; Ba: barium; Ca: calcium; Cd: cadmium; 
Cr: chromium; Li: lithium; Ni: nickel; V: vanadium; Pb: lead; K: potassium; Na: sodium; Mg: magnesium; 
Mn: manganese; Zn: zinc; S: sulfur; Hg: mercury. 
3.4.3 Brick Formulation and Formation by Mold-pressing Method 
Small batches of full-size (8.25"×4.00"×2.50") green building bricks were made by a 
proprietary mold-pressing method developed at the ISGS. The brick formulations that contained 
BW1 and BW2 are listed in Table 3.23, and those that contained BW1A and BW2A are listed in 
Table 3.24.  
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Table 3.23 Formulations of mold-pressed bricks that contained BW1, and BW2. 
Brick ID 
Weight, wt-% 
clay shale BW1 BW2 
Regular1 14 86 - - 
ISGS 82-2 14 81 5 - 
ISGS 82-3 14 76 10 - 
ISGS 82-6 14 86 - 5 
ISGS 82-7 14 76 - 10 
1Regular brick formulation (ISGS 98-1). 
Table 3.24 Formulations of mold-pressed bricks that contained BW1A, and BW2A. 
Brick ID 
Weight, wt-% 
clay shale BW1A BW2A 
Regular1 14 86 - - 
ISGS 98-2 14 76 10 - 
ISGS 98-3 14 66 20 - 
ISGS 98-4 14 61 25 - 
ISGS 98-5 14 76 - 10 
ISGS 98-6 14 66 - 20 
ISGS 98-7 14 61 - 25 
1Regular brick formulation (ISGS 98-1). 
Images of green bricks containing BW1 and BW2 are shown in Figure 3.50, and those 
containing BW1A and BW2A are shown in Figure 3.51. These bricks were dried under room air 
at the ISGS Brick Laboratory for a week before firing. The bricks that contained biodiesel waste 
had damp surfaces and darker color compared than regular bricks. Also, the bricks containing 
BW2 or BW2A showed some discoloration on the surfaces or edges of the green bricks after 
drying. 
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Figure 3.50 Regular green bricks and green bricks contain BW1 (left) and BW2 
(right) at 10 wt-% and 20 wt-%. 
 
Figure 3.51 Green bricks contain BW1A (left) and BW2A (right) at 10 wt-%, 20 
wt-%, and 25 wt-%. 
The lab mold-pressed bricks that contained BW1, BW2, BW1A, and BW2A were fired 
according to the ISGS kiln firing program with a maximum firing temperature of 1055 °C (1931 
°F). However, because the lab hood could not exhaust smoke from kiln efficiently, firing bricks 
containing BW2 was stopped at temperature about 221 °C (430 °F), and the bricks were removed 
and brought to BP-1 to fire as part of their commercial firing with a maximum firing temperature 
  
 
 
93
of 1066 °C (1950 °F). Please see Chapter 2, for the core brick firing programs at the ISGS and at 
BP-1. 
3.4.4 Evaluation of Final Fired Bricks 
Physical Appearance 
The fired bricks containing BW1 and BW2 at 5 and 10 wt-% levels were sawn in half and 
compared with the regular brick, as shown in Figure 3.52. These bricks, similar to the regular 
brick, showed commercially acceptable red color with no cracks, red or black core in the brick 
body. 
 
Figure 3.52 Regular fired brick and fired bricks containing BW1 (left) and BW2 
(right) at 5 wt-% and 10 wt-% after being sawn in half. 
The fired bricks containing BW1A and BW2A at 10 wt-%, 20 wt-%, and 25 wt-%  were 
sawn in half and compared with the regular brick, as shown in Figure 3.53. With the exception of 
the brick that contained 25 wt-% of BW2A, all the bricks were similar to the regular brick, which 
had commercially acceptable red color and good texture with no cracks, or red or black core in 
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the brick body. The fired brick containing 25 wt-% of BW2A, however, had a flaky texture and 
easily crumbled. 
 
Figure 3.53 Regular fired brick and fired bricks containing BW1A (left) and 
BW2A (right) at 10 wt-%, 20 wt-%, and 25 wt-% after being sawn in 
half. 
Engineering Properties 
The 24-hour cold water absorption for all the bricks that contained biodiesel waste was 
greater than 8 wt-% (range of 10.3–20.7 percent), so the 5-hour boiling water absorption tests 
were performed and the saturation coefficients were calculated for all the brick samples. The 
engineering properties of the bricks containing BW1 and BW2 compared with those for the 
regular brick are shown in Table 3.25. The engineering properties of the bricks containing 
BW1A and BW2A compared with those of the regular brick are shown in Table 3.26. With the 
exception of the brick containing 10 wt-% BW2, all the bricks met the ASTM C62 standard for 
5-hour boiling water absorption of less than 20 percent (for individual bricks). However, because 
the maximum saturation coefficients of the bricks that contained 10 wt-% BW2 was less than 
0.90, it met the test for moderate weathering grade. All other bricks met the test for severe 
weathering grade. 
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Table 3.25 Engineering properties of the final fired bricks. 
Brick ID Regular1 ISGS 82-2 ISGS 82-3 ISGS 82-6 ISGS 82-7 
Weight, wt-% clay 14 Clay 14 clay 14 clay 14 clay 14 
shale 86 Shale 81 shale 76 shale 81 shale 76 
  BW1    5 BW1 10 BW2   5 BW2 10 
24-hour cold water 
absorption, % 7.7 10.3 10.5 10.8 20.7 
5-hour boiling water 
absorption, % 10.1 12.3 12.9 13.5 23.7 
Saturation coefficient 0.76 0.84 0.82 0.80 0.87 
Compressive strength, psi 5,8542 4,758 4,624 4,398 3,543 
Freeze and thaw, cycle 50 50 50 50 37 
ASTM C62 grade SW SW  SW SW MW-SW3 
Apparent porosity, % 16.3 24.2 25.1 28.6 ND 
Bulk density, g/cm3 2.0 2.0 1.9 1.9 ND 
1Regular brick (ISGS 98-1). 2See reference [32]. 3Compressive strength met SW, but water absorption 
properties met MW [88], and did not pass freeze and thaw 50-cycle test. SW: severe weathering grade; 
MW: moderate weathering grade. 
Table 3.26 Engineering properties of the final fired bricks. 
Brick ID Regular1 ISGS 98-2 ISGS 98-3 ISGS 98-5 ISGS 98-6 
Weight, wt-% clay 14 Clay 14 clay 14 clay 14 clay 14
shale 86 Shale 76 shale 66 shale 76 shale 66
  BW1A 10 BW1A 20 BW2A 10 BW2A 20
24-hour cold water 
absorption, % 7.7 12.0 12.2 12.0 13.6 
5-hour boiling water 
absorption, % 10.1 15.1 17.6 14.3 17.5 
Saturation coefficient 0.76 0.79 0.69 0.84 0.78 
Compressive strength, psi 5,8542 5,553 3,875 4,159 3,196 
Freeze and thaw, cycle 50 50 50 50 50 
ASTM C62 grade SW SW SW SW SW 
Apparent porosity, % 16.3 25.2 28.6 29.4 32.7 
Bulk density, g/cm3 2.0 1.8 1.7 1.7 1.7 
1Regular brick (ISGS 98-1). 2See reference [32]. SW: severe weathering grade. 
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All the tested bricks met the test for compressive strength of at least 3,000 psi for severe 
weathering grade. All except the brick that contained 10 wt-% BW2 withstood 50 freeze and 
thaw cycles as required by ASTM C62 standard specification for building brick for severe 
weathering grade. The brick that contained 10 wt-% of BW2 endured only 37 cycles.  
The cold water absorption and the compressive strength data of these brick samples were 
graphed with respect to the input amount of the waste materials, as shown in Figure 3.54. In 
general, as the amount of the waste materials increased, cold water absorption increased, but 
compressive strength decreased. 
 
Figure 3.54 (a) Cold water absorption, and (b) compressive strength of the fired bricks  
that contained 0 wt-% to 20 wt-% of biodiesel waste materials. 
It was found that the bricks containing BW1, BW2, BW1A, and BW2A had greater water 
absorption capacities and lower compressive strengths than the regular bricks. Also, the existing 
plant equipment and firing parameters at BP-1 could not be directly adapted for manufacturing 
bricks containing BW1 and BW2 materials. Therefore, only environmental assessment of the 
mold-pressed fired brick containing biodiesel waste was conducted (see Section 3.4.5) and no 
economic analysis was performed for manufacturing bricks using biodiesel filtration waste 
materials. 
(a) (b) 
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Apparent porosity, bulk density, and thermal conductivity – the changes of apparent 
porosity and bulk density of the fired bricks with respect to the amounts of biodiesel waste in 
bricks from 0 wt-% to 20 wt-% are shown in Figure 3.55 (data are listed in Table 3.25 and Table 
3.26). As the amount of biodiesel waste in the bricks was increased, the apparent porosity of the 
brick increased from 16.3 percent, to 32.7 percent, whereas, as expected, the bulk density 
showed inverse behavior. As the amount of biodiesel waste in brick increased, the bulk density 
of the brick decreased from 2.0 g/cm3 to 1.7 g/cm3. 
 
Figure 3.55 (a) Apparent porosity and (b) bulk density of the fired bricks that 
contained 0 wt-% to 20 wt-% of biodiesel waste materials. 
Thermal conductivity was measured for bricks that contained 10 wt-% of biodiesel waste 
(BW1, BW2, BW1A, and BW2A). As shown in Figure 3.56, the thermal conductivity of the 
bricks was less than (0.75–0.79 W/m°K) that for the regular brick (1.01 W/m°K). However, the 
thermal conductivity of the brick that contained BW1 (1.05 W/m°K) was slightly greater. The 
results indicated that bricks containing BW2, BW1A, and BW2A had better heat insulation 
properties than the regular bricks made with only clay and shale. This observation was consistent 
with the results of apparent porosity and bulk density measurement. As the amount of biodiesel 
(a) (b) 
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waste in the bricks increased, the apparent porosity and the thermal conductivity of the brick 
decreased while the bulk density of the bricks decreased. 
 
Figure 3.56 Thermal conductivity of selected bricks that contained biodiesel 
filtration waste. 
3.4.5 Environmental Assessment 
To study the possible environmental impact of using fired bricks that contained biodiesel 
filtration waste, samples of pulverized final fired brick that contained 10 wt-% BW1 were 
subjected to a leaching study using simulated acidic rainwater according to the U.S. EPA Method 
1320 [119] (see Chapter 2). Brick sample extracts, including a blank, were analyzed for their 
elemental concentrations. The pH values of the extracts, and concentrations of 24 elements in the 
extracts and the blank, and the regulatory thresholds of the elements of As, Ba, Cd, Cr, Hg, Ni, 
Pb, and Se for acidic extractions from comparable solid waste [120] are presented in Table 3.27. 
As indicated in Table 3.27, the pH of each pulverized brick sample extract was higher after the 
24-hr agitation than after the 1-hour agitation. The pH of extract of the sample that contained 
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BW1 was higher (5.93) after the 24-hr agitation than that of the regular brick (4.28). The 
concentrations of the element of concern (having available U.S. EPA limits) in the extracts of 
these brick samples were well below the regulatory thresholds, which indicated that the fired 
bricks that contained biodiesel waste, similar to the regular brick, could be considered to be 
environmentally safe construction products. 
Table 3.27 Concentrations (mg/L) of elements in the extracts generated from simulated 
acidic rainwater extractions of samples of pulverized regular brick and 
pulverized brick that contained biodiesel waste BW1. 
Brick Samples Elemental concentrations in the extracts, in mg/L (solid:acidic water = 1:20 by weight) 1-hr Al As B Ba Ca Cd Co Cr Cu Fe Ga Hg pH 
M1 (REG)1 0.83 <0.002 <0.02 0.118 60 <0.001 0.016 <0.006 0.160 45.0 0.014 <6E-6 3.48 
10 wt-% BW1 <0.02 <0.002 <0.02 0.066 110 <0.001 0.016 <0.006 <0.002 2.3 0.011 <6E-6 4.52 
Blank  <0.26 <0.008 <0.02 0.018 <0.21 <0.001 <0.004 <0.006 0.026 2.1 0.008 <6E-6 2.80 
U.S. EPA limit  5.0  100.0  1.0  5.0    0.2 - 
Brick Samples 
Elemental concentrations in the extracts, in mg/L (solid:acidic water = 1:20 by weight) 24-hr
K Li Mg Mn Na Ni Pb S Se Sr V Zn pH 
M1 (REG)1 7.5 0.068 4.0 1.5 4.4 0.12 <0.002 50 <0.002 0.014 <0.006 0.200 4.28 
10 wt-% BW1 8.7 0.070 4.0 1.3 5.7 0.11 <0.002 54 <0.002 0.018 <0.006 0.009 5.93 
Blank 4.3 0.021 0.18 <0.01 1.1 0.015 <0.022 36 <0.002 0.012 <0.006 0.024 2.82 
U.S. EPA limit      5.0 5.0  1.0    - 
1REG: regular brick. Al: aluminum; As: arsenic; B: boron; Ba: barium; Ca: calcium; Cd: cadmium; Co: 
cobalt; Cr: chromium; Cu: copper; Fe: iron, Ga: gallium; Hg: mercury; K: potassium; Li: lithium; Mg: 
magnesium; Mn: manganese; Na: sodium; Ni: nickel; Pb: lead; S: sulfur; Se: selenium; Sr: strontium; V: 
vanadium; Zn: zinc; <6E-6: <0.000006 ppm, detection limit of Hg.
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CHAPTER 4. ADDITIONAL DISCUSSION RELATED TO 
MAKING FIRED BRICKS 
4.1 Chemical Composition and Successful Formulation for Making Fired Bricks 
Clay and shale are the two main raw ingredients for making regular fired bricks. As 
mentioned earlier, in Illinois and adjacent states, the preferred raw materials for making regular 
fired bricks are underclays and roof shale associated with coal. The studies by Chou et al. [26–35] 
in making fired bricks using solid-waste materials from conventional coal combustion (Figure 
1.1), the use of Class F fly ash (F-fly ash) in fired bricks was especially successful in extending 
from laboratory testing to commercial scale production demonstrations. It was reported that the 
chemical compositions of F-fly ash was very similar to that of clay and shale materials. The 
chemical compositions of clay, shale, and F-fly ash materials of the studies of Chou et al. [29], 
expressed as metal oxides, and unburned carbon contents expressed as loss on ignition (LOI) are 
shown in Table 4.1. 
Table 4.1 Chemical composition (wt-%) and LOI content of Class F fly ash (F-fly ash), 
clay, and shale materials [29]. 
 clay shale F-fly ash 
SiO2 57.10 63.30 48.96 
Al2O3 25.04 16.65 22.47 
Fe2O3 2.33 6.54 13.34 
TiO2 1.38 1.02 1.19 
MnO2 <0.01 0.07 0.02 
MgO 0.53 1.79 0.86 
CaO 0.46 0.39 1.35 
Na2O 0.02 0.92 1.50 
K2O 1.42 3.14 2.36 
P2O5 0.07 0.12 0.19 
Cr2O3 0.03 0.02 0.03 
LOI 8.84 4.49 6.64 
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As indicated in Table 4.1, similar to clay and shale materials, the sum of SiO2, Al2O3, and 
Fe2O3 contents for the F-fly ash exceeded 80 wt-%. Most of the total content of the three metal 
oxides was due to silicon oxide (SiO2) and aluminum oxide (Al2O3). However, F-fly ash 
generally had more alkali metal oxides than either the clay or shale materials. 
According to the studies by Chou et al. [26, 29–32], chemical composition is the first 
essential parameter in selecting a solid-waste material for making fired brick testing. In general, 
the greater the amount of aluminum oxide (Al2O3) in the feed material, the greater the 
compressive strength of the produced bricks. The lesser iron oxide (Fe2O3) content of the feed 
material the lighter the red color of the bricks produced. For example, according to a local brick 
company, their 100 percent clay bricks are almost white in color, while their bricks of 100 
percent shale are red in color. Also, if the content of soluble salts (CaCl2, etc.) in the feed 
material is too high, the produced fired bricks will have scum deposited on their surfaces, or 
scum could be developed on brick walls later as a result of rain-water weathering. Such bricks, 
although having good engineering properties, would be less marketable from a cosmetic 
standpoint. For raw materials that contain slightly high contents of soluble salts, the brick plants 
may resolve the scum issue, by adding barium carbonate which fixes the soluble salts in the fired 
brick body. Also, according to a local brick plant, if they happened to include limestone in the 
mined clay and shale, they would reject that batch of clay and shale from their feed ingredients 
because of having too much calcium content which would introduce lime pops in addition to the 
cosmetic scum problems. 
This study, based on previous [32, 34, 35] and current studies at ISGS/NRES, compiled 
and examined the metal oxide composition data for regular bricks, solid-waste materials, and 
fired bricks that included solid-waste materials blended with clay and shale. The results of this 
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study could provide a simple tool, based on chemical composition, for selecting a new waste 
material or in preparing an adequate mixture for making test fired bricks. Two types of ternary 
diagrams, SiO2-Al2O3-Fe2O3 and SiO2-Al2O3-CaO, based on all available materials from 
previous and current studies, were generated and analyzed. Because of the content of Fe2O3 in all 
the studied solid-waste materials was relatively low and there are simple ways to control the 
color of the red bricks [107], such as applying a small quantity of colored mineral additives, only 
the SiO2-Al2O3-CaO diagram was presented in this discussion. 
The content of SiO2, Al2O3, and CaO, and their normalized values for clay and shale, 
regular green brick, and successful formulated bricks that contained solid-waste materials from 
previous studies [32, 34, 35] are shown in Table 4.2. The resulting ternary diagram is shown in 
Figure 4.1.  
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Table 4.2 Data for clay and shale, regular brick, and successfully formulated bricks 
containing Class F fly ash (F-fly ash), bottom ash (BA), or flue-gas-
desulfurization gypsum (FGD) from previous studies. 
Sample SiO2 wt-% 
Al2O3 
wt-% 
CaO 
wt-% 
Total 
wt-% 
SiO2 
N wt-% 
Al2O3 
N wt-% 
CaO 
N wt-% 
Total 
N wt-% 
clay 58.21 20.85 0.70 79.76 73.0 26.1 0.9 100.0 
shale 59.67 17.98 0.71 78.36 76.1 22.9 0.9 100.0 
C/S 59.64 18.29 0.61 78.54 75.9 23.3 0.8 100.0 
ISGS 23-4-F 55.32 21.96 3.11 80.39 68.8 27.3 3.9 100.0 
ISGS 23-4-G 51.51 20.50 3.00 75.01 68.7 27.3 4.0 100.0 
ISGS 23-6-F 58.66 21.14 4.08 83.88 69.9 25.2 4.9 100.0 
ISGS 23-6-G 52.12 18.93 3.77 74.82 69.7 25.3 5.0 100.0 
ISGS 23-10-F 60.50 17.30 5.78 83.58 72.4 20.7 6.9 100.0 
ISGS 23-10-G 51.78 14.44 4.93 71.15 72.8 20.3 6.9 100.0 
CBC E1-G 59.77 18.20 0.59 78.56 76.1 23.2 0.8 100.0 
CBC E1-F 63.89 19.32 0.65 83.86 76.2 23.0 0.8 100.0 
CBC E2-G 58.08 18.46 0.98 77.52 74.9 23.8 1.3 100.0 
CBC E2-F 63.65 19.46 0.88 83.99 75.8 23.2 1.0 100.0 
CBC E3-G 58.03 19.68 0.86 78.57 73.9 25.0 1.1 100.0 
CBC E3-F 60.85 20.59 0.93 82.37 73.9 25.0 1.1 100.0 
CBC E4-G 57.20 20.03 0.86 78.09 73.2 25.6 1.1 100.0 
CBC E4-F 60.70 21.36 1.03 83.09 73.1 25.7 1.2 100.0 
CBC E1-R 60.50 17.32 0.63 78.45 77.1 22.1 0.8 100.0 
CBC E2-R 57.95 20.27 0.86 79.08 73.3 25.6 1.1 100.0 
CBC E3-R 58.07 20.05 0.84 78.96 73.5 25.4 1.1 100.0 
CBC E4-R 57.95 20.31 0.83 79.09 73.3 25.7 1.0 100.0 
N wt-%: normalized wt-%; ISGS: mold-pressed; CBC: extruded; R: feeds; G: green bricks; F: fired bricks; 
E1: 0 wt-% F-fly ash; E2: 20 wt-% F-fly ash; E3: 30 wt-% F-fly ash; E4: 40 wt-% F-fly ash; 23-4: 
clay:shale:F-fly ash:BA (1:2:2:2 by v-%); 23-6: clay:shale:F-fly ash:FGD (1:3:2:1 by v-%); 23-10: 
clay:shale:FGD (1:5:1 by v-%); C/S: clay:shale (1:6 by v-%). 
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The normalized contents of SiO2, Al2O3, and CaO for each sample were used to construct 
a Si-Al-Ca diagram (plot-SAC). The data for clay, shale, and successful formulated bricks that 
contained waste materials from this study are shown in Table 4.3. The resulting ternary diagram 
is shown in Figure 4.2. 
Table 4.3 Data for regular green bricks and successfully formulated bricks containing 
IGCC slag (with/without PFA-PP-1), S-E-CAT, or BW solid-waste materials 
from this study. 
Brick 
Sample Description 
SiO2 
wt-% 
Al2O3 
wt-% 
CaO 
 wt-% 
Total 
wt-% 
SiO2 
N wt-% 
Al2O3 
N wt-% 
CaO 
N wt-% 
Total 
N wt-% 
ISGS 23-7 Regular 59.64 18.29 0.61 78.54 75.9 23.3 0.8 100.0
ISGS 35-2 S-E-CAT-2 20 wt-% 56.71 20.99 0.65 78.35 72.4 26.8 0.8 100.0
ISGS 35-3 S-E-CAT-2 30 wt-% 54.73 26.04 0.51 81.28 67.3 32.0 0.6 100.0
ISGS 47-1 Regular 59.45 18.41 0.71 78.57 75.7 23.4 0.9 100.0
ISGS 47-2 E-CAT-1 15 wt-% 57.64 22.63 0.62 80.88 71.3 28.0 0.8 100.0
ISGS 47-3 E-CAT-1 25 wt-% 56.43 25.44 0.55 82.42 68.5 30.9 0.7 100.0
ISGS 47-4 E-CAT-1 30 wt-% 55.83 26.84 0.52 83.19 67.1 32.3 0.6 100.0
ISGS 47-5 E-CAT-1 15 wt-% 54.58 21.87 0.58 77.03 70.9 28.4 0.8 100.0
ISGS 47-6 E-CAT-1 25 wt-% 56.36 25.58 0.55 82.49 68.3 31.0 0.7 100.0
ISGS 47-7 E-CAT-1 30 wt-% 55.75 26.98 0.52 83.26 67.0 32.4 0.6 100.0
ISGS 50-1 E-CAT-3 10 wt-% 58.74 20.57 0.65 79.96 73.5 25.7 0.8 100.0
ISGS 50-2 E-CAT-3 20 wt-% 58.01 22.76 0.58 81.36 71.3 28.0 0.7 100.0
ISGS 50-3 E-CAT-3 20 wt-% 57.80 23.17 0.58 81.55 70.9 28.4 0.7 100.0
ISGS 51-5 SG1-100 10 wt-% 59.22 18.53 0.88 78.64 75.3 23.6 1.1 100.0
ISGS 51-6 SG1-100 20 wt-% 58.98 18.69 1.06 78.73 74.9 23.7 1.3 100.0
ISGS 51-11 SG1-100 10 wt-%, PFA-PP-1 20 wt-% 58.00 19.71 0.98 78.69 73.7 25.0 1.2 100.0
ISGS 51-12 SG1-100 20 wt-%, PFA-PP-1 20 wt-% 57.76 19.86 1.15 78.78 73.3 25.2 1.5 100.0
ISGS 65-1 Regular 59.47 18.38 0.71 78.56 75.7 23.4 0.9 100.0
ISGS 65-2 SG2-8 10 wt-% 57.21 18.50 0.80 76.51 74.8 24.2 1.0 100.0
ISGS 65-3 SG2-8 20 wt-% 54.95 18.62 0.88 74.46 73.8 25.0 1.2 100.0
ISGS 68-1 Regular 59.64 18.29 0.61 78.54 75.9 23.3 0.8 100.0
ISGS 68-6 E-CAT-4 14.3 v-% 58.30 21.51 0.54 80.35 72.6 26.8 0.7 100.0
ISGS 68-7 E-CAT-4 28.6 v-% 56.94 24.78 0.46 82.18 69.3 30.2 0.6 100.0
ISGS 82-1 Regular 59.47 18.38 0.71 78.56 75.7 23.4 0.9 100.0
ISGS 82-2 BW1 5 wt-% 58.28 17.71 0.70 76.69 76.0 23.1 0.9 100.0
ISGS 82-3 BW1 10wt-% 57.09 17.04 0.69 74.82 76.3 22.8 0.9 100.0
ISGS 82-6 BW2 5 wt-% 60.24 17.96 0.73 78.93 76.3 22.7 0.9 100.0
ISGS 82-7 BW2 10 wt-% 56.48 16.60 0.68 73.76 76.6 22.5 0.9 100.0
ISGS 98-1 Regular 59.47 18.38 0.71 78.56 75.7 23.4 0.9 100.0
ISGS 98-2 BW1A 10 wt-% 61.01 17.53 0.75 79.30 76.9 22.1 0.9 100.0
ISGS 98-3 BW1A 20 wt-% 62.56 16.68 0.80 80.03 78.2 20.8 1.0 100.0
ISGS 98-5 BW2A 10 wt-% 61.87 16.65 0.75 79.26 78.1 21.0 0.9 100.0
ISGS 98-6 BW2A 20 wt-% 64.27 14.92 0.79 79.97 80.4 18.7 1.0 100.0
N wt-%: normalized wt-%.  
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Figure 4.1 Ternary diagram of plot-SAC for clay, shale and successfully 
formulated bricks from previous studies. 
 
Figure 4.2 Ternary diagram of plot-SAC for clay, shale, and successfully 
formulated bricks that contained IGCC slag (with/without PFA-PP-1), 
S-E-CAT, or BW solid-waste materials from this study. 
The data points of Figure 4.1 and 4.2 are distributed in a region defined by SiO2 content 
in the range of 65–80 percent; Al2O3 content in the ranged of 20–35 percent; and CaO content of 
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<10 percent. Because this region contains the data points of clay, shale, regular bricks, and 
successfully formulated bricks from previous and current studies, all with adequate chemical 
composition for ideal feed materials for brick making, this region was identified as the standard 
composition region (STD). 
The data for clay, shale, and solid-waste materials from coal combustion (Figure 1.1) [32, 
34, 35] and solid-waste materials from this study (SG1, SG2, S-E-CAT, and BWs) are compiled 
in Table 4.4, and the resulting ternary diagram of plot-SAC is shown in Figure 4.3. As indicated 
in Figure 4.3, the data points for these solid-waste materials were scattered greatly in the plot-
SAC, but on the basis of location in the plot, they could be divided into five groups, G1, G2, G3, 
G4, and G5. Group G1 was in or near the STD region, and included F-fly ash, IGCC slag, and 
bottom ash. Group G2, which had lower SiO2 and higher Al2O3 than G1, comprised data points 
only of S-E-CAT materials. Group G3, which had higher SiO2 and lower Al2O3 than G1, 
included only the biodiesel waste materials. Group G4 was located intermediate to and Group G5 
was located far away from the STD region. Group G5 comprised data from two FGD samples. 
These FGD materials, which were residues from limestone flue gas desulfurization, contained 
mainly calcium sulfate salt with small amount of silicon and aluminum. High quality and high 
purity FGD materials have been used by the wall board industry, but are the least favorable 
materials for making fired brick. G4 contains data points from two pond materials which were 
acquired from two local electric power plants. One electric power plant has been loading their F-
fly ash and FGD material together into a nearby pond before further permanent landfill disposal. 
The other power plant has been using F-fly ash as an additive for conditioning/stabilizing their 
FGD materials for landfill disposal. 
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Table 4.4 Data for clay, shale, and solid-waste materials from previous and current 
studies. 
Raw Material SiO2 wt-% 
Al2O3 
wt-% 
CaO 
wt-% 
Total 
wt-% 
SiO2 
N wt-% 
Al2O3 
N wt-% 
CaO 
N wt-% 
Total 
N wt-% 
clay 58.21 20.85 0.70 79.76 73.0 26.1 0.9 100.0
shale 59.67 17.98 0.71 78.36 76.1 22.9 0.9 100.0
C/S 59.64 18.29 0.61 78.54 75.9 23.3 0.8 100.0
PFA-PP-1 53.57 23.86 1.19 78.62 68.1 30.3 1.5 100.0
BA-PP-1 46.49 21.23 7.22 74.94 62.0 28.3 9.6 100.0
DC PFA/FGD-SO3 17.21 6.15 26.29 49.65 34.7 12.4 53.0 100.0
Gibson FGD-SO3/FA/L 13.93 6.15 30.03 50.11 27.8 12.3 59.9 100.0
Gibson FGD-SO3 2.89 0.54 38.87 42.30 6.8 1.3 91.9 100.0
CWLP FGD-Gypsum 0.85 0.16 34.79 35.80 2.4 0.4 97.2 100.0
CWLP DFA 50.95 14.17 3.40 68.52 74.4 20.7 5.0 100.0
CPSIC 20-ton FA 56.96 25.34 2.03 84.33 67.5 30.0 2.4 100.0
CPSIC 40-ton FA 54.37 23.71 1.22 79.30 68.6 29.9 1.5 100.0
SG1-100 57.25 19.51 2.45 79.21 72.3 24.6 3.1 100.0
SG2-100 37.10 19.18 1.58 57.86 64.1 33.1 2.7 100.0
E-CAT-1 47.59 46.08 0.09 93.76 50.8 49.1 0.1 100.0
E-CAT-2 45.88 44.10 0.08 90.06 50.9 49.0 0.1 100.0
E-CAT-3 52.38 39.89 0.09 92.36 56.7 43.2 0.1 100.0
E-CAT-4 49.71 42.16 0.07 91.94 54.1 45.9 0.1 100.0
PFA-PP-1 53.57 23.86 1.19 78.62 68.1 30.3 1.5 100.0
BA-PP-1 46.49 21.23 7.22 74.94 62.0 28.3 9.6 100.0
BW1 35.94 4.52 0.55 41.01 87.6 11.0 1.3 100.0
BW1A 75.15 9.45 1.15 85.75 87.6 11.0 1.3 100.0
BW2 29.84 0.21 0.39 30.44 98.0 0.7 1.3 100.0
BW2A 83.67 0.67 1.10 85.44 97.9 0.8 1.3 100.0
N wt-%: normalized wt-%; C/S: clay:shale (1:6 by v-%). 
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Figure 4.3 Ternary diagram of plot-SAC for clay, shale, and coal combustion by-
products (CCBs) based on previous studies, and solid-waste materials 
used in this study for making tested fired bricks. 
Thus, the preference order from the most favorable solid-waste material, such as Class F 
fly ash (F-fly ash), to the least favorable solid-waste material, such as FGD material, is	ܩ1 ൐
ܩ2 ≅ ܩ3 ൐ ܩ4 ൐ ܩ5. The plot-SAC thus developed could provide a quick guide, based on 
chemical composition, for screening a new solid-waste material or for preparing an adequate 
feed mixture for making test fired brick. 
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4.2 Mineralogical Composition of Final Fired Bricks produced in This Study 
Selected final fired bricks produced in this study were pulverized and analyzed by XRD 
for their mineralogical composition. The selected bricks included bricks containing 10 wt-% of 
BW1, 20 wt-% of SG2-8, 20 wt-% of SG1-60, and 20 wt-% of E-CAT-3 and also a regular brick 
containing only clay and shale. The X-ray diffractograms of these fired brick samples are shown 
in Figure 4.4. 
 
Figure 4.4 X-ray diffractograms of pulverized regular fired brick and fired bricks 
that contained BW1, SG2-8, SG1-60, and E-CAT-3. 
The results indicated that the final fired bricks containing waste materials, similar to the 
regular fired brick, had major crystalline components identified as quartz, corundum, hematite, 
and K-feldspar. Also, from earlier leaching studies, these fired bricks, which contained each of 
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the four types of solid-waste materials, showed similar leaching results with respect to the 
regular fired brick. 
4.3 Further Study on Brick Firing  
4.3.1 Effect of Maximum Firing Temperature on the Appearance of the Fired Bricks 
Containing SG1-8  
As discussed in Chapter 3, the fired bricks that contained SG1-8 had protuberances on 
their surfaces and black particles included in the brick body. These issues were resolved by 
further grinding of SG1-8 sample from -8-mesh -60-mesh (SG1-60) or -100-mesh (SG1-100). By 
reducing the slag particle size, the volatiles produced during firing would be released slowly, 
thus the derived pressure would be more evenly released to the surface or more evenly 
disseminated through the brick body. In this study, a firing experiment was conducted by 
decreasing the maximum firing temperature to examine whether a similar effect from decreasing 
the particle size could be achieved. The maximum firing temperature was decreased from the 
normal 1931 °F (1055 °C) to 1742 °F (950 °C). 
   
Figure 4.5 (a) Bricks that contained SG1-8 and were fired at 1742 °F, and (b) a 
close-up image of the brick that contained 10 wt-% SG1-8. 
10 wt-% 20 wt-% 10 wt-%
(a) (b) 
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The final fired bricks that contained SG1-8 at 10 wt-% or 20 wt-% and were fired at 
lower maximum temperature of 1742 °F (950 °C) had a lighter color than those fired at the 
higher maximum temperature of 1931 °F (1055 °C) (see Figure 4.5 in this section and Figure 
3.19 in Chapter 3). As shown in Figure 4.5, the lower maximum firing temperature produced 
bricks with no protuberance formation on the fired brick surface, but still had small black 
particles included in the brick body. 
The additional firing experiment was also conducted on green bricks that contained SG2-
8. As shown in Figure 4.6, the bricks that were fired at 1742 °F (950 °C) maximum firing 
temperature were much lighter in color than the bricks fired at 1931 °F (1055 °C) maximum 
firing temperature. 
 
Figure 4.6 Bricks that contained SG2-8 fired at the maximum temperature (a) of 
1931 °F, and (b) of 1742 °F (right). REG: regular brick. 
The engineering properties of the fired bricks produced at 1742 °F maximum firing 
temperature were analyzed (data not shown) and compared with that of bricks produced at 1931 
°F (1055 °C) maximum firing temperature (Table 3.12). The results indicated that firing at a 
maximum temperature equal to or above 1832 °F (1000 °C) was required in order to produce 
bricks that would pass the ASTM specification for severe weathering grade. A similar 
(a) (b) 
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observation was demonstrated by a systematic firing study in Section 4.3.2.  Thus, it was 
concluded that reducing the particle size was the most effective method to resolve both having 
protuberance formation on the fired brick surface and having black slag particles included in the 
brick body. 
4.3.2 Effect of Maximum Firing Temperature on the Engineering Properties of the Fired Bricks 
Containing F-fly Ash 
A systematic study was conducted to investigate the impact of the maximum firing 
temperature on the engineering properties of the fired bricks produced. Bricks selected from 
batch of 2,800 green bricks that contained 20 wt-% of F-fly ash which were produced during a 
previous project at an Illinois brick plant (BP-2) using the plant extrusion method [116] was used 
in this study. 
Firing of a few of these bricks was conducted using the ISGS kiln. The firing program 
was modified by increasing the maximum firing temperature from 900 °C (1652 °F) to 1100 °C 
(2012 °F) (see Figure 2.2). The engineering properties examined at the fired bricks included 
water absorption, compressive strength, freeze and thaw resistance, apparent porosity, and bulk 
density. The changes on (a) cold water absorption, (b) compressive strength, (c) apparent 
porosity, and (d) bulk density of the final fired bricks with respect to the changes of the 
maximum firing temperature were tabulated along with the ASTM C62 standard specification for 
building brick in Table 4.5, and the data were also graphed in Figure 4.7. 
As indicated in Table 4.5 and Figure 4.7, as the maximum firing temperature increased 
from 900 °C (1652 °F) to 1100 °C (2012 °F), the cold water absorption of the bricks decreased 
from 16.2 percent to 4.9 percent [Figure 4.7 (a) ] and the apparent porosity decreased from 31.3 
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percent to 17.6 percent [Figure 4.7 (c) ]. On the contrary, as the maximum firing temperature 
increased from 900 °C (1652 °F) to 1100 °C (2012 °F), the compressive strength of the bricks 
increased from 4,197 to 15,216 psi [Figure 4.7 (b) ] and the bulk density increased from 1.8 to 
2.3 g/cm3 [Figure 4.7 (d) ]. 
Also, a greater increase in compressive strength was seen when the maximum firing 
temperature was increased from 950 °C (1742 °F) to 1000 °C (1832 °F), and the bricks fired at a 
maximum firing temperature equal to or above 1000 °C (1832 °F) (where vitrification reactions 
occurred) had better engineering properties such as lower cold water absorption and greater 
compressive strength, and met ASTM specification for severe weathering grade. 
Table 4.5 Engineering properties, apparent porosity, and bulk density of extruded 
ash-containing bricks fired at ISGS with different maximum 
temperatures. 
Brick ID ISGS 85-1 ISGS 85-2 ISGS 85-3 ISGS 85-4 ISGS 85-5 ISGS 85-6 ISGS 85-7
Weight, wt-% shale 80 
F-fly ash 20 
Maximum firing 
temperature 
900 °C 
1652 °F 
950 °C 
1742 °F 
1000 °C 
1832 °F 
1042 °C 
1908 °F 
1055 °C 
1931 °F 
1068 °C 
1955 °F 
1100 °C 
2012 °F 
24-hour cold water 
absorption, % 16.2 14.9 11.8 9.6 8.4 7.5 4.9 
5-hour boiling water 
absorption, % 16.8 17.1 13.7 12.0 10.5 9.4 7.0 
Saturation coefficient 0.96 0.87 0.86 0.80 0.80 0.79 0.70 
Compressive strength, psi 4,197 5,379 10,519 11,917 11,820 14,851 15,216 
Freeze and thaw, cycle 501 501 50 50 50 50 50 
ASTM C62 grade MW-SW2 MW-SW2 SW SW SW SW SW 
Apparent porosity, % 31.3 30.1 26.8 23.0 21.0 19.0 17.6 
Bulk density, g/cm3 1.8 1.8 1.9 2.0 2.0 2.1 2.3 
1Weight loss after 50-cycle freeze and thaw test was greater than 0.5 percent, even though no cracks were 
observed; 2Compressive strength met SW, but water absorption properties met MW [88], and did not pass 
freeze and thaw 50-cycle test; SW: severe weathering grade; MW: moderate weathering grade. 
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Figure 4.7 Properties of extruded ash-containing fired bricks fired at different 
maximum firing temperatures; (a) cold water absorption; (b) 
compressive strength; (c) apparent porosity; and (d) bulk density. 
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CHAPTER 5. SUMMARY AND CONCLUSIONS 
This study explored ways to safely utilize several energy-related solid-waste materials in 
construction products. It provided the brick industry with several innovative raw materials for 
brick manufacturing and established an easy tool to examine/select or formulate an adequate feed 
mixture containing a new solid-waste material for making fired bricks. 
The specific findings with respect to brick production are as follow: 
1. Successful commercial-scale production testing in producing fired bricks that 
contained 14.3 v-% (17.3 wt-%) and 28.6 v-% (34.6 wt-%) of bottom ash was 
documented. The results indicated that as the amount of bottom ash in the brick 
increased, the amount of cold water absorption decreased, but the compressive 
strength of the brick also slightly decreased. Overall, the engineering properties of the 
bricks met ASTM C62 standard specification for building brick for severe weathering 
grade. In this case, bricks made with bottom ash or a mixture of bottom ash and F-fly 
ash blended with clay and shale could save production costs of from $7,532 to $87, 
628 per year at BP-1. The final brick products, similar to the regular bricks, could be 
considered as environmentally safe construction materials. 
2. Fired bricks that contained up to 20 wt-% of IGCC slag were successfully produced. 
The results indicated that as the input of IGCC slag in the brick increased, the amount 
of cold water absorption decreased, and the compressive strength and bulk density 
decreased, but the apparent porosity of the brick increased. However, the engineering 
properties of the bricks met ASTM C62 standard specification for building brick for 
severe weathering grade. Also, the bricks produced with greater amounts of slag 
showed better heat insulation capabilities, and were better heat insulators than the 
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regular bricks. The final brick products, similar to the regular bricks, could be 
considered environmentally safe construction materials. 
3. Fired bricks that contained up to 30 wt-% of S-E-CAT after a successful commercial-
scale production in producing fired bricks containing 14.3 v-% (13.5 wt-%) and 28.6 
v-% (27.2 wt-%) S-E-CAT was documented. The results indicated that as the input of 
S-E-CAT in the brick increased, the amount of cold water absorption decreased, and 
the compressive strength and bulk density of the bricks decreased, but the apparent 
porosity of the brick increased. The extruded bricks had less water absorption 
capacity (1.1 percent to 2.6 percent) than the mold-pressed bricks (5.1 percent to 13.1 
percent), but much greater compressive strength (>18,000 psi) than the mold-pressed 
bricks (<7,200 psi). 
Overall, the engineering properties of the scale-up (extruded) bricks and lab 
(mold-pressed) bricks containing S-E-CAT <20 wt% met ASTM C62 standard 
specification for building brick for severe weathering grade. The compressive 
strength of the mold-pressed bricks containing S-E-CAT >20 wt% met ASTM C62 
standard specification for building brick for moderate weathering grade. Also, the 
bricks produced with greater amounts of S-E-CAT showed better heat insulation 
capability and are better heat insulators than the regular bricks. In this case, making 
bricks using S-E-CAT blended with clay and shale could save production costs of 
from $4,988 to $18,466 per year at BP-1. The final brick products, similar to the 
regular bricks, could be considered as environmentally safe construction materials. 
4. Fired bricks that contained up to 10 wt-% of biodiesel wastes BW1 and BW2 or up to 
20 wt-% of the ashed counterparts (BW1A and BW2A) were successfully produced. 
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The results indicated that as the input of biodiesel wastes increased, the cold water 
absorption increased, and the compressive strength of the bricks decreased. The 
bricks containing 10 wt-% of BW2 met the ASTM C62 standard specification for 
building brick for moderate weathering grade, and the other bricks met the same 
standard specification for severe weathering grade. The final brick products, similar 
to the regular bricks, could be considered environmentally safe construction 
materials. However, among the four waste materials tested in this study, biodiesel 
waste materials were found to be the least favorable for making fired bricks for severe 
weathering applications. Further firing study is required on the original biodiesel 
waste material that had LOI values of greater than 50 percent. 
5. The SiO2-Al2O3-CaO ternary diagram, which was established based on data from 
previous and current studies, provides a simple tool to examine and select new solid-
waste materials or to formulate an adequate feed material that contained solid-waste 
materials for making fired brick. 
The results of this study indicate that bricks that contain solid-waste materials of bottom 
ash, IGCC slag, S-E-CAT, and biodiesel filtration waste material had marketable quality with 
engineering properties, in general, close to or better than those for regular bricks. The results of 
this study also provide the brick industry with readily available new raw materials for brick 
making and the energy processing industry with possible cost-saving advantages by reducing or 
eliminating their waste disposal and saving valuable land required for their current or future 
solid-waste disposal. 
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APPENDIX A. LITERATURE REVIEW 
The most current publication of an energy outlook report suggests that energy production 
will be increasing. Coal will be the major energy source for electricity generation and oil will 
mainly supply liquid fuels in the transportation sector [1-4]. Among all energy sources, oil (32–
37 percent) and coal (20–21 percent) will continue to play the primary roles in the near future in 
the U.S., as shown in Figure A.1 [4]. 
 
Figure A.1 Energy consumption (left) and primary energy sources (right) in the 
U.S. (Quadrillion Btus) (U.S. DOE, 2012). 
Because of its abundance, feasibility, and relative ease of world-wide distribution, many 
countries around the world are heavily dependent on coal combustion for producing electricity. 
According to the official publication of the European Community, WETO Outlook 2030, coal 
has a confirmed global reserves-to-production ratio [(amount of known resource) / (amount used 
per year)] of over 230 years [5]. Although coal is the cheapest fuel for energy, the cost of 
generating electricity from coal is increased by including advanced clean coal technology to 
avoid the emission of undesirable oxides of nitrogen and sulfur, particulates, and greenhouse gas. 
Such clean coal technology includes scrubbers, electrostatic precipitators, or advanced 
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gasification technology. Also, the electricity generation plants that consume coal are regarded as 
the source of anthropogenic carbon dioxide [6–14]. 
On the other hand, with the emphasis on environmental concerns and sustainable 
development, technology has focused on reducing or even eliminating greenhouse gas emissions 
during electricity generation. Meanwhile, developing alternative renewable energy generation 
technology, including wind, hydro, biofuel, geothermal, and PV (photovoltaic) to supply 
different sector requirement, has made rapid progress [1–4, 15, 16]. Among the alternative 
energy generation methods, biofuel is an important source of liquid fuel from crude oil, imported 
or domestic. 
As introduced in Chapter 1, to generate energy from coal, crude oil, or biofuel, different 
kinds of solid waste will inevitably be produced during those processes. Viable solutions to ease 
environmental concerns related to the major treatment or disposal of those waste products have 
been sought by researchers around the world. Utilization of the solid waste materials associated 
in this study were reviewed as follows. 
A.1 Generation and Use of Bottom Ash 
Coal combustion by-products (CCBs) are the inorganic waste materials produced when 
coal is used as feedstock to generate electricity. Based on surveys released regularly by the 
American Coal Ash Association (ACAA), about 124.8–136.6 million tons of CCBs were 
generated annually between 2006 and 2010, but only 49.6–60.6 million tons (40.3–44.5 percent) 
were utilized beneficially rather than being placed in landfills in the U.S. [17–21]. The types of 
CCBs differ with respect to the type and condition of the combustion technology used. In the 
U.S., about 16.6–18.6 million tons (12.3–14.9 percent) of CCBs generated were bottom ash. Of 
this amount, between 7.0–8.4 million tons (40.4–45.1 percent) was used beneficially in the past 
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few years [17–21]. In Europe, on the basis of reports published by the European Coal 
Combustion Products Association, the European Union (EU 15) produced approximately 51.9–
63.9 million tonnes (57.2–70.4 million tons) of coal combustion by-products, of which 51.5–56.0 
percent was used annually during 2005–2009 [22–26]. The European Union produced 
approximately 4.3–6.1 million tonnes (4.7–6.7 million tons) of bottom ash, of which 44–51 
percent was utilized [22–26]. It is obvious that nearly half the amount of the CCBs produced in 
the EU was utilized, about 10 percent more than in the U.S. The rates of using bottom ash in the 
two global sectors were relatively close. 
In the U.S., the rate of using bottom ash has been stable for a few years. Bottom ash was 
primarily used as a replacement for aggregate in structural fills and embankments, which 
accounted for the majority (30.8–46.7 percent) of its total use, followed by road base 
applications, and in cement and concrete products [17–21]. Due to its physical characteristics, 
coarse, fused, glassy bottom ash was a good substitute for natural aggregates [27]. Research has 
also placed emphasis on the application of bottom ash in construction materials, such as cement 
and concrete [28–32]. However, recent research also suggested that the particle size of bottom 
ash was crucial to its use in cement and concrete products. Cheriaf et al. [28] pointed out that 
adequate grinding, to reduce the average size of bottom ash particle from 35 to 13 µm, improved 
its pozzolanic activity so that it could be used in Portland cement and concrete. The application 
of bottom ash as a binder in cement, or as an aggregate in concrete, or other material replacement 
relied much on the grain size [28–32]. That research [28–32] pointed out that the use of bottom 
ash in cement and concrete entails some size restrictions, which implies certain limitations and 
the necessity of pretreatment to arrive at a specific particle size. However, the grinding process 
to decrease the size of bottom ash requires a prolonged time and causes a reduction in the 
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workability of pastes [33]. In addition, a recent study on the pelletization of bottom ash to 
produce an aggregate showed that raw bottom ash could not be pelletized because of its 
coarseness [34]. Another study on the use of bottom ash in geopolymer mortar related mortar 
strength to the size fraction of the bottom ash [35]. The grain size of the bottom ash was a key 
factor in utilization in this application. 
Another limitation in utilizing bottom ash in the cement industry may be the unburned 
carbon content, which is usually represented as LOI (loss on ignition). The standard specification 
ASTM C618 requires that the LOI content of fly ash generally be less than 6 percent to 
demonstrate pozzolanic properties [36]. Kurama and Kaya [31] also indicated that concrete that 
contains high-carbon ash was inferior to that with low-carbon ash. 
As documentation of utilization of bottom ash is not as common as fly ash, investigation 
is also limited to specific applications. In addition to the general use of bottom ash as aggregate, 
which required large volumes, bottom ash was also used to improve the economics of mining. 
For example, bottom ash was used as a nontoxic fill within the spoil area at a mine prior to 
grading and final reclamation, or as a compact and durable base for dams [37]. In a study led by 
Kayabal and Buluş, they investigated the usability of bottom ash particles of less than 2 mm size 
as construction fill and base liner in sanitary landfills, but found that it was not suitable in cases, 
because the hydraulic conductivity and SO42- content were too variable [38]. But they were more 
suitable for the construction of the highway embankments. 
There are a few reports of innovative applications of bottom ash in addition to the uses 
mentioned above. For example, bottom ash was used as an alternative to sand as backfill around 
joints in utility trenches, such as those for gas, electric, telephone, and cable television. This use 
resulted in a saving of over $7/ton in one case [39]. Because bottom ash is a low-value, high-
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volume commodity and the delivered price is dependent on hauling distance, researchers 
suggested that a local market be considered when using this type of CCBs [40]. In a project 
supported by the U.S. Department of Energy (DOE) Combustion By-products Recycling 
Consortium, the research team led by Chou successfully incorporated Class F fly ash and other 
by-products produced by Cinergy/PSI Cayuga Power Generation Station (CPSIC) into fired 
bricks [41–45]. The brick company was located within 10 miles of the power plant. Based on the 
study, the economic benefit was promising [43, 45]. In addition to fly ash, a combination of 
bottom ash and FGD residue was successfully used to blend with clay and shale [43–45], 
followed by commercial production of fired bricks. 
A.2 Generation and Use of Slag from the IGCC Process 
An important added advantage of the IGCC process over ordinary coal combustion is the greater 
concentration of carbon dioxide in the exhaust gases from IGCC. This makes carbon capture 
easier and less costly when using IGCC than when using ordinary coal-fired steam boilers. For 
example, recently, FutureGen, a near-zero-emissions power plant, selected a location in Morgan 
County, Illinois as its CO2 stored site. The project was funded by the U.S. DOE and aimed at 
establishing cutting-edge carbon capture and storage (CCS) technology at multiple commercial 
scale IGCC clean coal power plants [46]. The U.S. DOE would also fund utilities that are willing 
to add CCS capability to advanced coal power plants already in operation [47]. Not only in the 
U.S., Gasification is being increasingly regarded as a promising technology which converts coal-
based feedstocks into clean energy or in turn to a variety of value-added products [48]. 
According to the most current Worldwide Gasification Database released by the U.S. DOE in 
2010,  the current gasification capacity is 70,817 megawatts thermal (MWth) of syngas output, 
which is about 26 percent more than that of reported in  the 2007 World Gasification Database 
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[48, 49]. It was also reported that there are 144 operating plants with a total of 412 gasifiers 
worldwide, and that 48 plants, with 93 gasifiers, are presently under construction and in the 
planning stages to become operational between 2011 and 2016. The majority of those expected 
plants, 40 out of 48, will use coal as the feedstock [48].  
The availability of fuel and improvements to technology make it possible to balance 
energy, economic, and environment needs. Integrated gasification combined cycle (IGCC) is a 
promising power generation technology which increases the efficiency of coal-to-power 
conversion and enhances carbon dioxide concentration in exhaust emissions for better 
greenhouse-gas capture. However, IGCC may also generate considerable amounts of waste. 
Coal-based IGCC power plants produce two major solid by-products – sulfur and bottom 
slag. Statistics on slag production and usage from IGCC plants are not reported by ACAA. 
Estimates calculated by the Energy and Environmental Research Center (EERC) indicated that 
the rate of production of slag is approximately three to four times greater than that of sulfur. For 
a typical 500 MWe IGCC plant burning a mixture of 80% sub-bituminous coal and 20% 
petroleum coke, the plant would produce about 97,000 tons of slag and 33,000 tons of sulfur per 
year by using coal from one source in the feed, and 167,000 tons of slag and 45,000 tons of 
sulfur by using coal from another source in the feed [40]. Similar ratios have been reported [50] 
for a typical 500 MWe IGCC plant without CO2 capture, and that the plant would produce 
21,500 kg/hr of bottom slag and 5,960 kg/hr of elemental sulfur; a similar plant with CO2 capture 
would produce 29,900 kg/hr of slag and 7,330 kg/hr of sulfur. 
Up to 99 percent of the sulfur in syngas can be removed and converted to value-added 
sulfur by-products, such as elemental sulfur or sulfuric acid. These sulfur products can be 
processed into other commercially viable products [51]. The United States is the world’s leading 
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sulfur producer [52], and all elemental sulfur and by-product sulfuric acid were derived as a 
result of efforts to meet environmental requirements that limit atmospheric emissions of sulfur 
dioxide [52]. The majority of slag generated is disposed of in landfills as waste, which results in 
potential environmental risk and economic burden. For example, in the United States the slag 
generated from one IGCC plant has some limited low-value applications, but the slag from 
another plant is totally disposed in landfills. According to a personal communication between Dr. 
Chou of ISGS and Dr. Tsang, Director for Gasification Technology Development at 
ConocoPhillips, the Wabash River Power Plant produces pure elemental sulfur, which is sold to 
make fertilizer. However, the slag produced from the facility, due in part to residual carbon 
content, is disposed of at a cost to the plant [53, 54]. 
According to Wicker [55], about 80,000 ton of IGCC slag is produced per year at Tampa 
Electric’s IGCC Polk Power Station with an annual disposal cost of as much as $2.5 million. 
However, limited utilization makes IGCC slag a foreseeable problem as gasification units 
increase. Therefore, in planning to use IGCC as a method for long-term sustainable energy 
production, research into the development of high-volume end-use strategies for IGCC slag prior 
to its large-scale implementation of IGCC is a definite necessity. Any breakthrough in converting 
slag management from landfilling into making new value-added products can help solve the 
coming waste problem. For example, when it was found that unburned carbon was concentrated 
in the mid-size fraction (45 micron- to 840 micron- sizes) of the IGCC slag, the Tampa IGCC 
plant adopted carbon separation procedures to separate the slag generated into three constituents: 
frit (coarse slag, > 20 mesh), fuel (carbon, 20- to 100-mesh) and fines (< 100 mesh) [56]. The 
carbon-rich fraction is sent back into the gasifier. However, the ash content of this carbonaceous 
fraction eventually gets converted to frit fraction during the recycle gasification step [56]. After 
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fuel recovery is complete, the rejected fine fraction is shipped to a cement manufacturer for low-
value uses, but the carbonaceous fine fraction was mainly limited to lightweight or ultra-
lightweight aggregate applications in cement-related building products [55-57]. The rejected 
coarse left behind is seeking for marketing opportunities. The results suggest that necessity of 
development on coarse slag utilization. 
Outside the U.S., the ELCOGAS S.A. IGCC plant in Puertollano, Spain and the IGCC 
plant in the Netherlands were the first and second IGCC plants implemented under the 
THERMIE program in the European Community. Today, both plants routinely produce 
electricity by gasifying a mixture of coal and petroleum coke. Several studies related to the 
characteristics of IGCC slag generated from the ELCOGAS plant and its potential utilization 
have been published [58–61]. In a study conducted by Acosta et al. [61], slag materials from the 
Puertollano plant were milled to particle size below 300 µm, and blended with gasification slag, 
and with solid waste material generated from ores of construction clay to make fired bricks. They 
found that the water absorption property of the fired bricks containing slag was improved and 
energy consumption in brick making was decreased [61].  
Slag production and usage statistics from IGCC plants are not reported by American Coal 
Ash Association (ACCA). This may due, in part, to the fact that only two U.S. IGCC power 
plants – Tampa Electric’s Polk County Power Plant and Wabash River Power Plant – are 
producing IGCC slag. In addition, the amount of by-product depends on the feedstock and 
technology used [62]. While sulfur has its market, in planning to use IGCC as a long-term 
sustainable energy production method, research into the development of high-volume end-use 
strategies for IGCC slag prior to its large scale implementation is necessary. While researcher in 
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Europe have studied the recovery of trace metals from IGCC slag or the use of slag in making 
fired bricks, research on use of IGCC slag in the U.S. has been very limited. 
The use of coal gasification slag, including IGCC slag, has been examined by a large 
number of investigators [40, 50, 56, 63–71], and unlike fly ash and bottom ash, boiler slag 
applications are limited to blasting grit, roofing granules, and structural and asphalt mineral fills. 
The volume of available boiler slags is expected to decline in the coming years as older cyclone 
and slag-tap boilers units are retired. 
Making aerated autoclaved concrete (AAC) with boiler slag produced from burning coal 
has not been documented. However, Holt and Raivio [72] tested two fine-grained residues 
produced by gasification of pellets of waste materials for their suitability in AAC. Their factory 
tests with residue addition at low amounts of 1 percent and 3 percent were successful and the 
product properties were within the specification [72]. Typically, additional aluminum powder is 
added to the raw ingredients to facilitate the formation of small gas bubbles. Holt and Raivio 
determined that slag residue would eliminate the need for adding aluminum powder to create air 
voids because of the inherent aluminum content of the slag [72]. 
The authors of two studies [66, 67] for the Electric Power Research Institute (EPRI), on 
the basis of an evaluation of the physical characteristics and chemical composition of the slag, 
suggested that the potential uses for coal gasification slag are as: aggregate in cement concrete; 
road construction aggregate, such as base and sub-base materials; fine aggregate in asphalt 
concrete and de-icing grit; and feed material for lightweight aggregate to make lightweight 
concrete. These were also suggested by other recent studies which have been done on the use of 
slags generated from coal gasification [40, 50, 56, 63–71]. 
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Choudhry et al. [65] indicated that gasification slag contains high concentrations of 
residual char (unconverted carbon) which constitutes a hindrance to its use in concrete 
applications. They concluded that char separation is a critical first step in the use of slag 
utilization. In addition, a heat expansion process (such as reprocessing or calcination) is 
necessary to synthesize adequate intermediates (aggregates) that can be used in the applications 
suggested above [66, 67]. To synthesize lightweight aggregates, the slag materials must be 
heated to a viscous liquid phase prior to the gas forming reaction. This step ensures bubble 
retention inside the aggregate, which reslts in expansive foaming of the particulate. These are 
energy consuming steps, which would increase the cost of these applications. Researchers [55, 
56] suggested that to improve the quality of the slag for aggregate applications, a separation 
process was required to remove unburned carbon or size separation from IGCC slag. Wicker [55] 
suggested that to improve the quality of IGCC slag for aggregate applications, a separation 
process was required to remove unburned carbon from the slag [55]. Douglas and Chugh also 
recommended in the final report that additional focused studies should be performed to develop 
materials from medium to coarse parts of slag [56]. 
As mentioned, Chou et al. successfully made fired bricks using a fly ash sample with a 
LOI value of 17 wt-% [44]. This suggested that IGCC slag without carbon separation might be a 
feasible material for making fired bricks. A preliminary technical feasibility study for IGCC slag 
was recently reported by Chou et al. [73]. Several publications including a review article 
indicated that studies in utilization of IGCC solid waste could provide other innovate outlets for 
sustainable applications of the slag [74–76]. 
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A.3 Use of Spent Equilibrium Catalyst from Oil Refinery Cracking 
Spent equilibrium catalyst (spent e-cat) is no longer used in fluid catalytic cracking. 
Management of spent catalyst represents an important part of the overall refinery operation. 
Spent e-cat was not considered usable due to its high level of contaminants, such as nickel and 
vanadium. Consequently, the material must be disposed of in an environmentally safe way. 
Furimsky [77] reviewed the environment, safety and utilization of spent oil-refinery catalyst and 
hydroprocessing catalyst, which are also used in refinery process to remove various 
contaminants from crude oil. Potential spent-catalyst-waste applications were in metal 
reclamation, and construction products such as cement production. Recent papers on the overall 
management and life-cycle analysis of hydroprocessing catalysts have been published [78–81]. 
Nevertheless, recycling and utilization of spent e-cat have also been studied by many 
researchers. The recovery of valuable elements from the spent e-cat has been one of the main 
emphases in the use of spent e-cat utilization. In a recent study [82], more than 90 percent of 
alumina, vanadium, molybdenum, nickel and cobalt could be recovered through a carbonation 
decomposition process. 
In addition, applications of spent e-cat on construction materials have been studied by 
researchers in the U.S. and other countries. Due to the pozzolanic property it has shown, spent e-
cat has been regarded as an additive to concrete and in various cement mixtures as a binder. The 
results indicated improved strength and hardness for concrete production by cement preparation 
with spent e-cat as an additive [83–90]. Pundene et al. [88] observed faster hydration of cement 
with spent e-cat than that of concrete without this. In addition, when 5 wt-% of the waste catalyst 
was added with microsilica and reactive alumina for heat-resistant concrete, compressive 
strength within the range of 800–1000 °C was improved. Studies indicated that cement with 
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addition of waste catalyst accelerated calcium silicate hydration than that without the additive 
[85, 88]. 
A recent review of three e-cat projects reported that reactivity of spent e-cat is one of the 
most promising waste residues to be used in high-value-added materials, such as high strength 
concrete [89]. Su et al. [86] and Payá et al. [89] both reported that cement with 15 wt-% spent e-
cat had a higher compressive strength in concrete than cement without the e-cat substitution. The 
parameters and experimental environments which favored pozzolanic activities and engineering 
properties of the final product were also discussed. Tesng et al. [87] reported that mortars and 
concrete with calcined/ground spent e-cat added at 10 wt-% exhibited increased strength at 23–
26 percent and 8–16 percent, respectively, than those products that contained no pretreated spent 
e-cat [87]. They implied that spent e-cat provided its maximum pozzolanic benefit in cement and 
concrete after pretreatment by heating and/or grinding. In a study in which spent e-cat was used 
as an agent in intumescent formulations, Estevão et al. [91] also pointed out that the finer 
fraction of spent e-cat had better properties in the application than coarser material. 
Other studies of spent e-cat utilization in clay products have also been reported. Acchar et 
al. [92] mixed red clay-based material, which was also used in commercial brick making, with 20 
wt-% of spent catalyst reject from the petroleum industry. They sintered the mixture at a heating 
rate of 300 °C/hr in an electric furnace between 700 °C and 1150 °C. They observed no major 
changes of the produced brick bars [92]. No literature has been found concerning the production 
in the U.S. of commercial scale bricks that contained spent e-cat. However, earlier studies in 
Europe reported extensive production of red brick with the addition of spent e-cat. These bricks 
possessed full environmental acceptability, but the formula contained only 5 wt-% of spent e-cat 
[93]. 
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The application of spent e-cat to building bricks has recently been initiated by Chou et al. 
in the U.S. [94–96]. The spent e-cat used was from oil company refinery operations and was a 
zeolite-based catalyst. This material, like fly ash, contained primarily silica and alumina. The 
result of the initial research was that fired bricks containing up to 30 wt-% were produced [95]. 
A.4 Use of Filter-cake Materials from Biodiesel Production 
As mentioned in Chapter 1, biodiesel is derived from triacylglycerides of both vegetable 
and animal fat sources, such as plant oils, animal fats, and recycled cooking oils [97–104]. 
Substances including glycerine, soap, metals, methanol, free fatty acids, catalyst, water and 
glycerides, must be separated by filtration from the final product to ensure biodiesel quality. The 
saturated filter cake contains mainly grease materials and filtration adsorbent. The wastes are 
generally shipped to a landfill site without further use. Instead of landfill disposal, it was 
reported that this solid waste has potential value as products that include but are not limit to 
biomass fuel, supplement for animal feed, fertilizer or compost. However, the use of the 
biodiesel filter cake material has not been fully attempted and only one recent related 
investigation on construction products in which the filter cake has been used has been found in 
literature. 
The characteristics of waste materials from biomass gasification or incineration had been 
reported including some applications to construction materials, such as concrete [105, 106] and 
bricks [107, 108]. Solid residues from agricultural or paper-related industries were also 
incorporated directly in manufacturing construction products. For example, tea waste (0–5 wt-%), 
coffee grounds (0–5 wt-%), and kraft pulp residues (0–10 wt-%) were studied as part of the feed 
materials for making clay bricks [109–111]. In a study by Spanish researchers, clay bricks that 
contained 15 wt-% of spent diatomaceous earth material, but no compressive strength data for 
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the bricks were reported [112]. In other study, Akhtar et al. [113] suggested that it was 
advantageous to incorporate the sintered diatomaceous earth in ceramic monoliths. However, 
studies on applications of biodiesel filter-cake material were not yet common, nor were material 
characterizations of such waste material. The use of clay-based or diatomaceous-earth-based 
materials on adsorbents to purify crude biodiesel is an effective process among several biodiesel 
purification processes [114, 115]. Both filter-cake waste materials were silica-rich materials 
which might be good additives for making fired bricks. Recently, the ISGS researchers had 
initiated studies on such waste materials for making commercial-sized fired building bricks [116]. 
A.5 Use of Fired Bricks and Brick Firing 
Brick is a common construction material used worldwide. It has been widely used in 
building residential houses, gardens, churches, schools, and the exterior of tall buildings. It has 
been used as early as 4,500–5,000 years ago [117, 118]. 
In more recent manufacturing of fired bricks, the optimization of operating parameters is 
plant-specific, such as raw material used and type of bricks made [119–127]. With respect to 
brick firing, for example, the Brick Industry Association (BIA) suggested that vitrification 
temperature should range from 1600 °F (871 °C) to 2400 °F (1316 °C) [127], whereas, 
Prasertsan and Theppaya [128] stated that the brick used in Asia was fired at a lower temperature, 
and the minimum temperature for the clay-to-brick transformation is 600 °C. Several studies 
agreed that changing the firing temperature profile had some effects on uniformity of the ceramic 
body, microstructure, physical, and engineering properties [129–135], which are significant to 
the quality of the final products. For example, Manoharan et al. reported that regular ceramic 
brick had lower water absorption and higher compressive strength as firing temperature 
increased from 900–1000 °C [130]. Johari et al. found that the porosity of fired clay-brick 
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without solid waste decreased as the sintering temperature increased from 800–1250 °C, and the 
compressive strength was found to be maximized at 1200 °C [131]. In a few studies, it was 
reported that porosity decreased with increasing firing temperature [132–134]. Frost of bricks lso 
was enhanced with increasing firing temperature [135]. All the above research suggested that the 
raw materials used and the firing profile designated will affect the quality of the final fired 
products. 
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APPENDIX B. TGA PROFILE OF THE CLAY AND SHALE 
USED BY BP-1 
 
Figure B.1 The typical DTG (first derivative TGA) profile for (A) clay (BP-1), 
(B) shale (BP-1), (C) PFA-PP-1 [1]. 
[1] Chou, M.-I.M., Chou, S.-F.J., Patel, V., Pickering, M.D., and Stucki, J.W. (2006). 
Manufacturing fired-bricks with Class F fly ash from Illinois Basin coals. Final report to 
the DOE/WVU/SIUC Combustion By-products Recycling Consortium, Project Number: 
02-CBRC-M12. Available at: http://wvwri.nrcce.wvu.edu/programs/cbrc/reports/02-
CBRC-M12.pdf 
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APPENDIX C. ADDITIONAL SCANNING ELECTRON 
MICROSCOPY IMAGES OF FIRED BRICKS 
   
Figure C.1 SEM images of mold-pressed regular fired brick at 100x (left) and 
1,000x (right) magnifications. 
   
Figure C.2 SEM images of mold-pressed fired brick that contained 10 wt-% SG1-
60 at 100x magnification. 
100x 1,000x 
100x 100x 
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Figure C.3 SEM images of mold-pressed fired brick that contained 10 wt-% SG1-
60 at 1,000x (left) and 3,000x (right) magnifications. 
   
Figure C.4 SEM images of mold-pressed fired brick that contained 10 wt-% SG1-
100 at 100x (left) and 1,000x (right) magnifications. 
   
Figure C.5 SEM images of mold-pressed fired brick that contained 20 wt-% SG2-
8 at 100x (left) and 1,000x (right) magnifications. 
1,000x 3,000x 
100x 1,000x 
100x 1,000x 
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Figure C.6 SEM images of mold-pressed fired brick that contained 15 wt-% E-
CAT-1 at 100x (left) and 1,000 (right) magnifications. 
   
Figure C.7 SEM images of mold-pressed fired brick that contained 15 wt-% E-
CAT-1 at 1,000x (left) and 3,000 (right) magnifications. 
   
Figure C.8 SEM images of mold-pressed fired brick that contained 15 wt-% E-
CAT-1 at 3,000x magnification. 
100x 
1,000x 
3,000x 3,000x 
3,000x 
1,000x 
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Figure C.9 SEM images of mold-pressed fired brick that contained 10 wt-% BW1 at 100x 
(left), 1,000 (center), and 3,000x (right) magnifications. 
   
Figure C.10 SEM images of mold-pressed fired brick that contained 10 wt-% 
SG1-8 at 100x magnification. 
   
Figure C.11 SEM images of mold-pressed fired brick that contained 10 wt-% 
SG1-8 at 1,000x magnification. 
100x 100x 
1,000x 1,000x 
100x 1,000x 3,000x 
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Figure C.12 SEM images of mold-pressed fired brick that contained 10 wt-% 
SG1-8 at 1,000x magnification. 
   
Figure C.13 SEM images of mold-pressed regular fired brick at 100x (left) and 
1,000x (right) magnifications. 
   
Figure C.14 SEM images of mold-pressed regular fired brick at 1,000x 
magnification. 
1,000x 1,000x 
100x 1,000x 
1,000x 1,000x 
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Figure C.15 SEM images of extruded regular fired brick at 100x magnification. 
   
Figure C.16 SEM images of extruded regular fired brick at 1,000x (left) and 
5,000x (right) magnifications. 
   
Figure C.17 SEM images of mold-pressed (left) and extruded (right) fired bricks 
that contained S-E-CAT fired brick at 100x magnification. 
100x 100x 
1,000x 
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5,000x 
100x 
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Figure C.18 SEM images of mold-pressed fired brick that contained S-E-CAT 
containing fired brick at 3,000x magnification. 
   
Figure C.19 SEM images of extruded fired brick that contained S-E-CAT at 
1,000x magnification. 
   
Figure C.20 SEM images of mold-pressed fired brick that contained SG1-8 at 
100x magnification. The brick was fired at the maximum firing 
temperature 950 °C. 
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Figure C.21 SEM images of mold-pressed fired brick that contained SG1-8 at 
1,000x (left) and 3,000x (right) magnifications. The brick was fired 
at the maximum firing temperature 950 °C. 
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